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Location: Ash Street at Interstate 93, Londonderry, New Hampshire 
 
Date of Construction: 1962 
  
Engineer:   Robert J. Prowse 
 
Present Owner: NHDOT 
 16 Main Street  
 Concord, New Hampshire   
 
Present Use: Bridge 
 
Significance:   The 1962 Ash Street Bridge used innovative technology to span Interstate 

93 in a single span, with no pier in the median.  Its steel rigid frame is 
composed of five frames or bents designed to function as a series of 
parallel two-hinged rigid frames.  Its design utilizes steel cutting and 
innovative welding technology to create each frame as a sculptural shape 
reflecting its internal stresses and to bring together a few large structural 
elements.  The bridge reflects the post-World War II initiative for highway 
bridge designers to produce connections through welding rather than 
riveting technology.  This technology was rapidly adopted for the 
production of long bridge stringers, permitting the construction on 
continuous stringer bridges rather than utilizing built-up plate girders.  A 
prototype design for the bridge won nationally recognized NHDOT 
designer Robert Prowse a national prize in 1959, and the completed span 
received a design award from the American Institute of Steel Construction 
in 1964.  Prowse verified assumptions and complex calculations by using 
the Beggs deformeter to test models of his structure.  The bridge was the 
first known example of all-welded steel rigid frame technology used along 
the interstate Highway System or on primary road systems in the U.S.  
 

Project Information: This documentation was produced in 2010 by Preservation Company, 5 
Hobbs Road, Kensington, New Hampshire for the New Hampshire 
Department of Transportation.  It accompanies large format photographs 
of the bridge, and three related bridges (Cross Street, Route 102, 
Brookdale Road) taken by Charley Freiberg in 2008.  The text was written 
by James Garvin and Richard Casella.  Richard Casella authored the 
context on welded steel rigid frame slat-leg highway bridges and the 
discussion of the three other bridges.  The text by James Garvin was taken 
from a 2001 NHDHR Inventory Form for the Ash Street Bridge.  An 
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earlier NHDHR Inventory form was prepared by Preservation Company 
(Ken Story).  Readers are also directed to a recent, 2009 Monograph on 
Robert Prowse completed by TransSystem/URS (Patrick Harshbarger & 
Ingrid Wuebber) available online at the NH Division of Historical 
Resources website (http://www.nh.gov/nhdhr/publications/prowse.htm).  

 
 
PART I.  HISTORICAL INFORMATION 
 
Constructed in 1962 over a portion of Interstate Route 93 in Londonderry, New Hampshire, the 
Ash Street Bridge (renamed the Robert J. Prowse Memorial Bridge by legislative act in March, 
1973) was a highly innovative structure that spanned both barrels of the highway without a 
central pier.1  The bridge was initially designed by Robert James Prowse (1906-1969) of the 
New Hampshire Department of Public Works and Highways as a design for a competition that 
was established to foster imaginative and effective uses of steel for interstate highway overpass 
bridges.  It was then adapted from an abstract concept to an actual contract design that proved its 
effectiveness and economy during construction, and was thought to be the only example of a 
welded steel rigid frame overpass then in use on the American interstate highway system.  To 
achieve a 146' clear span with the greatest possible economy of labor and materials, the 
innovative designer made use of methods of structural analysis that had been developing 
throughout the first half of the twentieth century, and of steel fabrication technology that had 
been developing since World War II.  Noted both for its engineering and its aesthetics, the bridge 
received a design award from the American Institute of Steel Construction in 1964. 

The bridge is composed of five parallel steel rigid frames or bents.  Each frame is fashioned 
through careful cutting and arc welding to constantly varying cross sections that reflect internal 
stresses at each point and impart a graceful outline to the structure.  The bridge is statically 
indeterminate; it is not susceptible to structural analysis by traditional methods.  To understand 
and accommodate the internal stresses in the structure, engineer Prowse employed one of several 
“indirect” methods of stress analysis that used a model or profile of the characteristic frame of 
the bridge.  He tested this model with an instrument called a deformeter to measure the 
deflection of the model under varying conditions of loading and thereby to determine its 
structural behavior.  By applying sophisticated structural analysis and by employing advanced 
welding technology with an appropriate steel alloy, Prowse created a bridge that anticipated the 
statically indeterminate, variable-section welded deck girder bridges that have since become 
commonplace in interstate highway design.  Prowse’s use of the steel rigid frame, however, was 
exceptional at the time and remains a rare structural form. 

Robert James Prowse was born in Concord, New Hampshire, on September 4, 1906.  He earned 
a bachelor’s degree in civil engineering from Northeastern University in 1928, and later did 
graduate work at the Carnegie Institute of Technology.  He worked for a construction company, 

 
1 Chapter 27, “An Act Changing the Name of the Ash Street Bridge in the Town of Londonderry to the Robert J. 
Prowse Memorial Bridge,” Laws Passed January Session, 1973 (Concord, N.H.: State of New Hampshire, 1973). 

http://www.nh.gov/nhdhr/publications/prowse.htm
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a consulting engineering firm, and joined the New Hampshire Highway Department in 1933.  He 
served as an engineering specialist in the U. S. Navy during World War II.  He returned to the 
bridge division of the Highway Department in 1946, taking a leave to work on the design of the 
Mackinac Straits suspension bridge (built 1954-58) with the D. B. Steinman Company of New 
York.  Prowse specialized in bridge and building design, also lecturing on engineering at 
Northeastern University and New England College in Henniker, New Hampshire.  He was 
involved in the modification of the U.S.S. Brooklyn and the reconstruction of the U.S.S. Franklin.  
He was named assistant bridge engineer in 1962 and became the fourth bridge engineer in the 
department in 1969.2  He retired in December, 1969, due to ill health and died on December 22, 
1969.3 

Riveted fabrication of steel structures remained standard into the 1960s.  As early as 1938, 
however, the board of directors of the American Institute of Steel Construction (AISC) appointed 
a committee to formulate fundamental principles, minimum standards, and recommendations for 
standard welded connections for multi-story buildings.4  By 1946, building upon the vast 
experience in arc welding that had been amassed during World War II, the Air Reduction Sales 
Company of New York issued the first edition of welding engineer LaMotte Grover’s Manual of 
Design for Arc Welded Steel Structures.  Grover recommended that “whenever possible, full 
advantage should be taken of the natural adaptability of welding to continuous and rigid-frame 
types of construction.  Such [statically] indeterminate types lend themselves to a certain amount 
of standardization.  Welded details for these have been investigated extensively in research and 
have been used quite widely.”  Grover noted that the 1942 edition of the Welding Handbook of 
the American Welding Society had listed some thirty welded highway and railroad bridges that 
had been constructed in the United States and Canada during the preceding twenty years.5  [For 
more information on the development of welding technology see Context Section below] 

Grover’s manual also listed a number of advantages of welding over hot riveting.  These 
included: reduction in weight and cost of structural members, which lose no net cross section 
through rivet holes; savings in fabrication costs by the elimination of punching, drilling, etc.; 
reduction or elimination of structural connectors such as angles and gusset plates; improved 
appearance of joints; reduction of corrosion through elimination of corrosion-prone rivets and 

 
2 “Bridge Engineer,” Nashua Telegraph, January 31, 1969, p. 2. 
3 For an extensive biography of Prowse see: Patrick Harshburger and Ingrid Wuebber (TransSystems/URS Corp), 
Robert James Prowse: A Monograph,   New Hampshire Division of Historical Resources (available online at 
http://www.nh.gov/nhdhr/publications/prowse.htm ).  See also, American Bridge, $44,000 Steel Highway Bridge 
Design Competition (Pittsburgh, Pa.: American Bridge, c. 1960), p. 19; retirement notice, Concord Daily Monitor, 
December 8, 1969, p. 9; obituary, Concord Daily Monitor, December 22, 1969. 
4 “A.I.S.C. Recommended Fundamental Principles, Minimum Requirements, and Tentative Standard Welded 
Connections for Buildings,” Steel Construction: A Manual for Architects, Engineers, and Fabricators of Buildings 
and Other Steel Structures, fifth ed. (New York: American Institute of Steel Construction, 1961), p. 336.   
5 LaMotte Grover, Manual of Design for Arc Welded Steel Structures (New York: Air Reduction Sales Co., 1946), 
pp. 3, 9. 

http://www.nh.gov/nhdhr/publications/prowse.htm


ASH STREET BRIDGE/ ROBERT J. PROWSE MEMORIAL BRIDGE  
(NH BRIDGE 140/120) 

NH STATE NO. 650 (Page 4) 
 

                                                

projecting surfaces that collect corrosive particles; and elimination of the noise and dangers of 
hot riveting.6  By 1953, John E. Lothers’ textbook, Design in Structural Steel, stated plainly that 

welding is the modern method of making steel connections.  It has 
many advantages over riveting.  The more important ones are 
economy, stiffness, adaptability, efficiency, and the silence and 
safety of the welding operation…  As to the difficulty of obtaining 
dependable welders, thousands of both sexes were trained during 
World War II and have been released since then by the war 
industries.7 

By the late 1940s, a number of organizations were promoting the use of welding in highway 
bridge fabrication.  Prominent among these organizations was the James F. Lincoln Arc Welding 
Foundation.  In 1949, the Lincoln Arc Welding Foundation sponsored its first award competition 
for welded highway bridges, followed by several similar competitions governed by varying 
design criteria.8  The fourth such competition, in 1958, called for the design of “Welded Bridges 
for Interstate and Defense Highways.”  An entry was considered eligible for this competition if 
its design conformed to the then-current requirements of the “Standard Specifications for 
Highway Bridges” of the American Association of State Highway Officials (AASHO) and the 
“Standard Specifications for Welded Highway and Railway Bridges” of the American Welding 
Society.  Entries could be designs for bridges already completed, under construction, not yet 
started, or not authorized, as long as they met the general requirements of the National Interstate 
and Defense Highway System.9 

Among the entrants in the 1958 competition was Robert J. Prowse.  Prowse submitted his design 
for a three-span continuous deck plate girder bridge, carrying Route 101 over the Squamscott 
River in Exeter, New Hampshire, which had been approved for construction in March, 1958.  
Prowse’s design received an honorable mention, winning the engineer a prize of $1,000.10  Each 
span of Prowse’s bridge was built with five parallel plate girders of variable cross-section.  The 
haunched outline of these girders varied in depth from 8' at the two piers to 3' at the centerlines 
of the spans and reflected the distribution of internal stresses in the continuous structure.  The 
center span measured 120', and each end span measured 96'.  Prowse noted that  

span lengths such as those in this design are beyond the limits of 
the standard rolled sections, yet the average weight per foot of 
girder is substantially less than the heaviest 36 in. WF [wide 

 
6 Ibid., p. 7. 
7 John E. Lothers, Design in Structural Steel (Edgewood Cliffs, N.J.: Prentice-Hall, Inc., 1953), pp. 111, 113. 
8 The results of the first three competitions were published by the James F. Lincoln Arc Welding Foundation as 
James G. Clark, ed., Welded Deck Highway Bridges (1950); Welded Highway Bridge Design (1952); and 
Comparative Bridge Designs (1954), the latter juxtaposing welded and riveted bridges of the same controlling 
dimensions. 
9 James G. Clark, ed., Welded Interstate Highway Bridges (Cleveland, Ohio: James F. Lincoln Arc Welding 
Foundation, 1960), pp. 7-8. 
10 Ibid., pp. 118-125. 
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flange] section…  This economical use of material makes it 
possible to utilize the welding procedures to effect a more 
functional design and at the same time to impart simple pleasing 
lines to the structure…  Erection costs can be held to a minimum 
by shipping each girder in three parts, enabling the erector to place 
all sections without erection falsework.11   

Prowse’s Squamscott River Bridge was replaced by a longer structure in 1994 as part of an 
upgrade of Route 101. 

On September 5, 1958, American Bridge, a division of United States Steel, announced another 
competition “dedicated to the stimulation of a more imaginative and effective use of steel in the 
design of highway overpasses typical of the thousands of such structures that must be designed 
and built along the 41,000 mile Interstate and Defense Highway by 1972.”12  American Bridge 
appropriated $44,000 to fund fifteen cash awards for winning designs.  The competition was 
opened to all professional and design engineers and college engineering students throughout the 
world.  The problem to be solved was the design of a steel overpass structure to carry a two-lane 
highway over a four-lane interstate highway in accordance with AASHO standards.  By May 31, 
1959, the deadline for submission, American Bridge had received three hundred entries from 264 
professional engineers and thirty-six college engineering students from thirty-six states and 
twenty-eight foreign countries.  Entries were judged by a panel of six senior engineers on the 
basis of originality of design, utilization of the properties of steel, economy, and appearance. 

Again, Robert J. Prowse was awarded an honorable mention and a prize of $1,000.  His design 
was a welded steel rigid frame.  A rigid frame bridge is usually a span in which the abutments 
and deck are designed as a single structural unit resembling an inverted “U.”  The entire structure 
reacts to the stresses that are placed upon any part of it, with loads placed on the deck being 
partially resisted by bending stresses (“moments”) that develop in the abutments.   

Prowse’s design was more sophisticated than the usual rigid frame.  Each of the two steel legs on 
each frame was anchored to concrete footings by massive bolts that acted as structural hinges.  
Beyond the legs, integral steel flanking spans extended to concrete abutments set high on a 
sloping embankment, well away from the traveled highway.  Through cutting and welding, flared 
shoulders on each steel leg merged seamlessly with the horizontal spans in a series of gracefully 
curved spandrels, allowing the legs to resist bending stresses imparted by loading on the 
horizontal spans and to transmit those stresses down to the hinges at the bottoms of the legs.  
There, the stresses would be resolved into linear forces or reactions that were resisted by the 
heavy, buried footings. 

Although the structural analysis that lay behind this design was sophisticated, Prowse described 
the attributes of the proposed bridge more in terms of driver safety than in terms on innovative 
engineering.  “Considering research that has been done in the field of driver reaction,” he said, 
“it would seem desirable to eliminate all possible structural elements within the limits of the 

 
11 Ibid., p. 118. 
12 American Bridge, $44,000 Steel Highway Bridge Design Competition (Pittsburgh, Pa.: American Bridge, c. 1960). 
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highways.  Many structures, depending upon their length, have from one to three intermediate 
supports.  Any such element of the structure, per se, constitutes a potential hazard to traffic.  
Since these supports are provided at substantial cost, it is possible that through better design they 
might well be eliminated, providing a structure less hazardous, having a more pleasing 
appearance, and without materially increasing the over-all cost.”13 

Prowse’s award-winning design of 1959 might have remained an abstract concept if an extension 
of the interstate highway system were not being planned for central New Hampshire at that very 
time.14  President Dwight Eisenhower signed the Interstate Highway Act in 1956, culminating 
his lifelong dream of seeing the United States connected via a modern, well-maintained system 
of high-speed vehicular roadways.  Soon thereafter, construction began on a number of divided, 
four-lane interstate highways, particularly on the East Coast.  Interstate 93, connecting the 
Boston metropolitan area with central New Hampshire and points north, had entered the planning 
stages by 1958, with property acquisition occurring in 1959, and construction in 1960.15   

The pre-existing local roadways that intersected the new highway needed to be rerouted either 
over or under the interstate through bridging; often, the local road was simply discontinued.  
Usually the highway design process addressed these bridging issues well in advance, and 
incorporated the solutions into the overall plan prior to construction.  Though it is certain that the 
plan for Interstate 93 always included the intention to carry Ash Street in Londonderry over the 
highway, the design process for the final bridge was unusual.   

The road now known as Ash Street was one of the earlier roadways in Londonderry.  It had been 
laid out by the 1750s as one of the principal east-west roads connecting Derry Village to the east 
with Litchfield to the west.16  It continued to serve this purpose without interruption and with 
few if any known changes in layout, until the construction of Interstate 93.  The new highway 
would require an overhead bridge to carry Ash Street above it, and the New Hampshire 
Department of Public Works and Highways (formerly the New Hampshire State Highway 
Department, now the New Hampshire Department of Transportation) saw the opportunity to re-
route Ash Street slightly to the south, for the purpose of straightening it, to make it less 
hazardous to motorized vehicles. 

At this point, the Department of Public Works and Highways also saw an opportunity to 
transform Prowse’s innovative design for a welded steel rigid frame into an overpass that would 
meet an actual need of the interstate highway in New Hampshire.  In early 1960, Robert H. 
Whitaker, then deputy commissioner of the department, asked consulting engineers Clarkeson 
Engineering Company to evaluate the feasibility of adapting Prowse’s concept to an actual site 
along the highway.  On February 23, 1960, John C. Rundlett, Clarkeson’s executive vice 
president, replied that  

 
13 Ibid. p. 19. 
14 The following four paragraphs were written by Ken Story of The Preservation Company for the original version 
of this survey form. 
15 Ken Story interview with Reed P. Clark III, owner of 79 Stonehenge Road, Londonderry, September, 2001. 
16 The Preservation Company, “Londonderry Townwide Area Form,” 1995.  On file at the New Hampshire Division 
of Historical Resources, Concord, N.H. 



ASH STREET BRIDGE/ ROBERT J. PROWSE MEMORIAL BRIDGE  
(NH BRIDGE 140/120) 

NH STATE NO. 650 (Page 7) 
 

                                                

 
 This design is commendable because: 
 

1. It presents a very pleasing appearance. 
2. The substructure costs are reduced to an absolute minimum. 
3. Clear and unobstructed vision is obtained of the entire interstate section. 
4. The omission of the pier removes a very bad traffic hazard on a median of this general 

width.17 
 
Rundlett continued with the suggestion that construction of the Ash Street Bridge be classified as 
an Experimental Project.  He recommended facing the bridge with stainless steel and employing 
slow-rusting low-alloy nickel-copper high-strength steel, conforming to ASTM specification 
A242, to fabricate the frames and bracing, leaving this metal unprotected by paint as a test of its 
oxidizing behavior.  Rundlett also recommended that the deflection and vibration of the structure 
be studied closely.  He concluded that “to our knowledge, this type [of bridge] has not been 
applied to another location on the Interstate or on the Primary System, so that it can be 
considered as an experiment.”18 

In March, 1960, Whitaker wrote to the Bureau of Public Roads, the federal agency with authority 
over design of the interstate highway: 

It is the Department’s opinion that Mr. Prowse’s entry was 
conceived with unusual imagination and that his design affords 
substantial possibilities in connection with the Interstate system.  
He has made an unusual adaptation of the rigid frame type of 
design to the end that the need for a pier is eliminated when the 
structure carries a cross road over a four-lane divided highway.  As 
a result it presents a most pleasing appearance and eliminates the 
hazard to the motorist which is constituted by a pier in the median 
strip… The Clarkeson Engineering Company, Inc., Consultants for 
the Salem-Windham-Londonderry Interstate design, have been 
asked to incorporate a structure of this type at a suitable location.  
The Clarkeson firm considers a location in Londonderry at the 
intersection of Ash Street and Interstate Route 93 as well adapted 
for such a structure… It will be noted that Clarkeson considers a 

 
17 John C. Rundlett to R. H. Whitaker, February 23, 1960, on file at the New Hampshire Department of 
Transportation, Concord, N.H. 
18 Ibid.  There is no indication that special high-strength or weathering steel alloys were employed in the actual 
construction of the bridge.  The bridge has apparently always been painted. 
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structure of this type as ideally suited to the use of one of the new 
high strength steels.19 

By April, 1960, Clarkeson Engineering Company had carried out boring tests of the proposed 
site of the new bridge, which is somewhat south of the old alignment of Ash Street.  By June, 
1961, Clarkeson had prepared a set of thirteen sheets of contract drawings for the bridge, 
submitting them to Harold E. Langley, bridge engineer at the Department of Public Works and 
Highways, with the suggestion that Robert Prowse be given the honor of reviewing the final 
documents.20  As designed by Clarkeson Engineering Company, the bridge corresponded closely 
in appearance to Prowse’s competition design.  In December, 1961, a contract for construction of 
9,675 linear feet of Interstate Route 93, including the Ash Street Bridge, was executed between 
the New Hampshire Department of Public Works and Highways and the Palazzi Corporation of 
Concord, New Hampshire.  The contract called for completion of the project by June 30, 1963.21    

The completed bridge immediately attracted widespread attention because of its striking design, 
the safety it afforded by creating an unencumbered median strip, and its reasonable cost.  In July, 
1963, structural engineer W. J. Gregg of the Canadian Institute of Steel Construction wrote to 
Robert J. Prowse to inquire about technical and financial aspects of the bridge.  In reply, Prowse 
wrote, 

The response from the general public and the engineering 
fraternity has been most gratifying.  We are pleased to learn that 
you find the structure attractive and that it offers greater safety to 
the motoring public by eliminating all obstructions within the 
limits of the travelled ways.  These features have been attained 
without increase in cost over the conventional multiple span 
structures having two or three interior spans.22 

In support of the latter statement, Prowse submitted figures showing that the Ash Street Bridge 
had been completed at a cost of $182,930.96, or $21.90 per square foot of plan area. 

In 1964, the American Institute of Steel Design (AISC) presented the bridge with an award for 
its outstanding aesthetic design. 

In the early 1960s, Robert J. Prowse published a number of brief articles dealing with aspects of 
bridge design.  In one of these, he described a method by which he verified his calculations of 
the stresses in this innovative bridge.    

 
19 Letter, R. H. Whitaker, Deputy Commissioner, NHDPWH, to J. P. McAllaster, Division Engineer, Bureau of 
Public Roads, Concord, N.H., March 1, 1960, on file at the New Hampshire Department of Transportation, Concord, 
N.H. 
20 Interdepartmental communication, S. T. Hare to H. E. Langley, June 23, 1961; contract drawings, “Ash Street 
over Interstate 93,”  both on file at the New Hampshire Department of Transportation, Concord, N.H. 
21 Contract, December 19, 1961, on file at the New Hampshire Department of Transportation, Concord, N.H. 
22 Letter, Robert J. Prowse to W. J. Gregg, Canadian Institute of Steel Construction, July 29, 1963, on file at the 
New Hampshire Department of Transportation, Concord, N.H. 
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Because of the unusual shape and size of the structure, it was felt 
that it would be desirable if some simple form of check could be 
made of the design calculations.  In the early stages of structure 
study, the writer was fortunate enough to obtain the loan of a 
Begg’s Deformeter.  A preliminary model of the [bridge frame] 
structure was cut from a good quality of cardboard ⅛ in. thick.  
The good results obtained from this model led to the improvement 
of the model material and the testing technique.  A second model 
was carefully cut from ⅛ in. thick plexiglas . . . Influence lines for 
components of redundant reactions at the supports were obtained 
by these tests.23 

Influence lines are graphic depictions that illustrate the shears, moments, reactions, or stresses at 
any point in any structure.  The Beggs method of “indirect” testing of models of structures was 
developed by Professor George E. Beggs of Princeton University.  The method relied upon the 
principle that the ordinates of the influence lines for any internal stress are proportional to those 
of the deflection curve that is obtained by cutting the model at the point to be studied and 
introducing a corresponding deformation into the primary structure that remains.  The method 
makes use of an instrument called a deformeter and a micrometer microscope to measure the 
deflections of the model.  One half of the deformeter gauge is attached to each side of the cut.  
By inserting different types of plugs between the two halves of the gauge, a deformation will be 
introduced in the model, thus deflecting it into the shape of the corresponding influence line.  
The deformation is carefully measured through the microscope.24  [For more information on the 
development of the Deformeter Method, see Context Section below] 

Prowse’s ability to design such statically indeterminate structures as the Squamscott River 
Bridge (a continuous-girder structure) and the Ash Street Bridge (a rigid frame) depended upon 
advances made in structural analysis and engineering education during the twentieth century.  
Since the development of mathematical and graphic methods of calculating stresses in simple 
structures in the mid-nineteenth century, few American engineers had attempted to design any 
but simple or statically determinate bridges.  Interest in statically indeterminate structures such as 
continuous girder bridges and rigid frames (the latter usually designed in reinforced concrete, not 
steel) mounted during the 1920s and 1930s.  Harold Langley, the chief design engineer of the 
New Hampshire Highway Department for decades, is known to have corresponded with engineer 
Arthur G. Hayden, who introduced the concrete rigid frame into the United States in several 
bridges he designed in the early 1920s in Westchester County, New York.25  Hayden published 

 
23 Robert J. Prowse, “All-Welded Frame Type Stringer Span Design Proved by Model Tests,” Modern Welded 
Structures, Vol. 1 (Cleveland, Ohio: The James F. Lincoln Arc Welding Foundation, 1963), pp. 103-105. 
24 Charles Head Norris and John Benson Wilbur, Elementary Structural Analysis, 2d ed. (New York: McGraw-Hill 
Book Company, 1960), pp. 493-497, 601-608. 
25 Richard M. Casella, “Bean Brook Bridge (Bridge No. 056/078) [Piermont, New Hampshire],” HAER report, 
1999, New Hampshire Division of Historical Resources, p. 3.  The bibliography in this report cites Arthur G. 
Hayden’s article, “Rigid Frames in Concrete Bridge Construction,” Engineering News-Record, April 29, 1924: 686-
689. 
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articles that popularized this type of bridge among highway engineers.  By 1933, the New 
Hampshire Highway Department joined fifteen other state highway agencies in adopting the 
concrete rigid frame as a standard bridge design.26  The department built seventeen such bridges 
in 1935 and 1936 alone. 

The employment of statically indeterminate continuous beams and rigid frames in bridge design 
was aided by the introduction of simplified methods of calculating the stresses and elastic 
behavior in such structures.  The pioneering study was Professor Hardy Cross’s “Analysis of 
Continuous Frames by Distributing Fixed End Moments,” published in the Transactions of the 
American Society of Civil Engineers, Vol. 96 (1932).  Ten years later, a standard text on such 
analysis, recommended by LaMotte Grover in his Manual of Design for Arc Welded Steel 
Structures, was A. Amirikian’s Analysis of Rigid Frames (An Application of Slope Deflection).27 

By the early 1930s, the New Hampshire Highway Department was beginning to design short-
span continuous steel plate girder bridges, seeking the increased economy and rigidity that such 
structures offered.  In 1934 and 1935, the department designed dramatic long-span continuous 
plate girder bridges across the Connecticut River, the first between Littleton, New Hampshire, 
and Waterford, Vermont, and the second—the Ledyard Bridge—between Hanover, New 
Hampshire, and Norwich, Vermont.  Both bridges had graceful girders of variable section, their 
arched or cambered bottom profiles giving them maximum strength at points of greatest internal 
stress.  These variable-section bridges became the prototypes for similar continuous deck plate 
girder spans that followed: the Sagamore Creek Bridge in Portsmouth (1941), a bridge over the 
Boston & Maine Railroad at Lebanon (1945), and a bridge over the Saco River at Conway 
(1945).   

Although all these long-span continuous girder bridges were direct prototypes for Prowse’s 
Squamscott River Bridge of 1958, all of them had riveted, not welded, plate girders.  The 
Squamscott River Bridge broke new ground in its use of welding technology.  Welding 
technology greatly aided the employment of steel in the construction of continuous girder 
bridges and, more rarely, rigid frame bridges.  Arc welding offered the potential to impart to 
steel some of the variability in cross-section and fluidity of contour that had long been possible 
with concrete.  These attributes are strongly expressed in Prowse’s Ash Street Bridge.  

Following completion of the Ash Street Bridge, Robert J. Prowse continued to study innovative 
engineering practices and to publish his findings.  Following his 1963 article on the use of the 
Beggs deformeter to analyze models of a rigid frame, Prowse developed an interest in 
orthotropic steel plate bridge decks.  He created models showing how the integration of the steel 
deck with the all-welded main bridge girders through welding allowed the deck plate to act as the 
top flange of the main girders.  This structural system offered economies in structural steel and 
other costs, amounting to savings as high as 25% in comparison with a standard concrete bridge 

 
26 Ibid., citing “Ten Years of Achievement with Rigid Frame Bridges, Engineering News-Record, April 27, 1933: 
531-533. 
27 A. Amirikian, C.E., Analysis of Rigid Frames (An Application of Slope Deflection) (Washington, D.C.: United 
States Government Printing Office, 1942). 
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deck system.  Prowse published his findings in 1965.28  Prowse also wrote an article on the 
design of simplified bridge roller bearings that were smaller, lighter, and easier to install than 
then-conventional bearings that conformed to AASHO specifications dating from 1941.  This 
article was published posthumously in 1970.29.  [For more information on the development of 
Steel Rigid Frame Bridges, see Context Section below.] 

 

National Context: The Development of the Welded Steel Rigid-Frame Slant-Leg Highway 
Bridge  

Introduction 
The engineering origins of the Prowse Memorial Bridge can be traced to three primary 
disciplines of bridge development: the development of structural welding and its application to 
bridges; the development of laboratory methods to determine secondary stresses in indeterminate 
structures using elastic models; and the development of steel rigid frame bridge.  All three 
technologies went from experimental to practical application during the decade of the 1920s.  
Refinement and broader application continued through the 1930s.  

Structural welding methods and equipment matured during the World War II years but has 
continued to evolve along with the advancements in the fields of metallurgy and electrical 
engineering.  The deformeter method of measuring elastic models when used by Prowse in the 
design of the Ash Street Bridge was unchanged from its original design.  Although superseded 
by more sophisticated testing equipment today, it remains a perfectly accurate tool for the design 
and analysis of structures just as a measuring tape can return some of the same measurements 
taken with laser equipment today.  Steel rigid frame bridge design and technology advanced 
slowly up through WWII, after which it was coupled with welding in ways that allowed the 
advantages of the bridge type to be more fully realized.  During the 1950s and 1960s, the welded 
rigid frame bridge reached new levels of sophistication of design and application – the slant-leg 
long-span divided-highway overpass type used by Prowse for the Ash Street Bridge being a 
prime example.   

All three technologies experienced a great leap forward due to the creative efforts of a single 
man or company.  Credit for the practical application of welded to bridges goes to Westinghouse 
Electric Company engineers who designed and erected the first all-welded vehicular bridge in 
1927.  Credit for the rigid frame bridge goes to Arthur G. Hayden, who designed and built a form 
of concrete rigid frame bridge in 1923 so well-suited and ultimately widely used for highway and 
railroad overpasses that it came to define the type.  The idea of accurately measuring the 
deflection of two-dimensional elastic models of bridges in order to predict the behavior of 
indeterminate structures such as trusses with riveted joints and rigid frames rests almost entirely 
with Princeton engineering Professor George E. Beggs who patented his method in 1925. 

                                                 
28 Robert J. Prowse, “Slim Trim Welded Bridge Deck Has Strength, Durability, and Stability,” Modern Welded 
Structures, Vol. 2 (Cleveland, Ohio: James F. Lincoln Arc Welding Foundation, 1965), pp. C-7—C-13. 
29 Robert J. Prowse, “Bridge Roller Bearing Has Simplified Design,” Modern Welded Structures, Vol. 3 (Cleveland, 
Ohio: James F. Lincoln Arc Welding Foundation, 1970), pp. D-8—D-10. 
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Of the three technologies, the development and application of welded bridges followed the most 
troubled path.  The huge industry associated with riveting tirelessly fought against the acceptance 
of welding with warnings on the invisible and unpredictable dangers of welded connections.  It 
took several decades and ultimately the use of x-rays to examine finished welds before welding 
was fully accepted by structural engineers over the simple and proven rivet or bolted connection.  
Even then, after WWII when welding was in such wide use for bridges in Europe and in the US 
as well, and the economy and structural superiority of welding was a fact, doubts continued 
through the 1950s and 1960s about the suitability of welded connections for certain bridge 
types.30  

The development of the steel rigid frame bridge did not threaten an entire industry or require a 
total change in the mindset of the engineering practice as a whole like electric arc welding did.  It 
is a much narrower topic with fewer players.  In a 1933 article by Engineering News on “Ten 
Years of Achievement With Rigid Frame Bridges,” when the editors gave Hayden the credit for 
introducing the rigid frame bridge, some engineers pointed out that rigid frame bridges of 
different forms preceded Hayden’s 1923 design by several decades.  After WWII steel rigid 
frames and welding achieved a proper marriage and the type was refined, lightened and stretched 
into highly efficient and practical forms such as the slant-leg type pioneered by Robert Prowse 
and others.  

In the case of the Beggs, he became internationally known for his invention of the deformeter as 
a means of predetermining the stress resistance of bridges, dams, and similar structures.  Earlier 
researchers had studied and measured structures after their completion, but Beggs was the first to 
demonstrate that secondary stresses in indeterminate structures could be accurately determined in 
advance in the laboratory using elastic models.  In 1934, at a special conference on the laboratory 
use of models as aids in the design and construction of structures held at Cornell University, 
former MIT professor Hale Sutherland called Beggs one of the five most important American 
contributors to structural theory.  Other researchers soon followed Beggs by developing other 
methods and devices for measuring deflections in structural models; some were easier to use than 
the deformeter method, but few were as accurate.  

Development of Welded Structures and Bridges 
Electric arc welding using carbon electrodes was invented by Nikolay Nikolayevich Bernardos 
of St. Petersburg in 1881 and patented in Russia, several European countries and in the US in 
1887.31  Two prominent English metal working firms adopted the Bernardos system and after 
several years of perfecting its practical application, put it to constructive use for many types of 
repair work as well as the welding of tubes and fittings for boilers and piping.32  The Thompson 
Electric Welding Company of Boston, Massachusetts, introduced the Bernardos electric arc 

                                                 
30  See Brodie, 1952, “Are We Ready for All-Welded Railroad Bridges,” and Marks, 1961, “Highway 
Bridges…Welded or Riveted?”  
31  Nicholas De Bernados and Stanislas Olszewski. Process of and apparatus for working metals by the direct 
application of electric current. US Patent 363,320, dated May 17, 1887.  
32 Handy, William H. "Electric Arc Welding."  Electric Power, 9 (January, 1896): 7-8.  
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welding in the US in 1888; they were apparently the first to use it commercially in the US and 
also the to use it for repair and pipe work.33  

The potential structural uses of electric welding were recognized immediately.  After conducting 
independent tests on electrically welded metal samples provided by Thompson Electric Welding 
Company, the editors of Engineering News magazine stated that  

The success of this remarkable process for welding seems now 
certain and its uses and novel modes of application are all the time 
increasing… The inventors will do the greatest service to the world 
if they will perfect a machine to do away with riveting, of 
longitudinal seams at least, by butt-welding the sheets directly to 
each other.34        

During the 1890s and into the early twentieth century a tremendous number of advancements in 
electric arc welding equipment and techniques broadened its use especially for boilers, tanks and 
ship hulls that due to continuous pressure often leaked or burst at their riveted seams.  

In 1911, the Lincoln Electric Company, a manufacturer of electric motors in Cleveland, 
introduced a portable electric welding machine with variable voltage to allow a variety of metal 
thicknesses to be welded.  Equally important was that the machine could be operated by one 
man, which would ultimately help make welding competitive with field riveting.  Powered by 
gas or diesel engines, electric welding machines could now be taken directly into the field for 
construction and repair work.  In 1917 the company started the Lincoln Electric Welding 
School.35  

Through the first two decades of the twentieth century, welding was used for a variety of small 
structural steel projects including strengthening riveted joints and reinforcing building 
frameworks.  During World War I arc welding further advanced with the demand for ship 
building and repairing.  The first all-welded barge was built in 1917 followed by the first all-
welded ship in 1920; both were built in England.36   

The first all-welded structural steel building was a workshop erected in Brooklyn, New York, in 
1920 for the Electric Welding Company of America. The one-story structure measured 40' by 
134' and was built by the owners of the company, William Schenstrom and T.L. McBean, 
considered among the pioneers of structural steel welding.37  The Electric Welding Company of 
America developed a reputation as a leader in the welded construction of large steel liquid fuel 
storage tanks at refineries across the country.  In 1920 the company constructed an oil storage 

 
33 “The Fibrous Structure of an Electric Weld.”  Engineering News, 22 (September 14, 1889): 260. 
34  Ibid.  
35  Lincoln Electric Company.  “115 Years of Excellence.”  A history of the company available online at   
"http://www.lincolnelectric.com/corporate/about/history.  The welding school, still in operation, has trained over 
100,000 students since its inception in 1917.   
36  McKibben, F.P. “Arc Welding of Steel Structures.”  Journal of the American Welding Society, 2 (February, 
1923): 42.  
37  Gilbert D. Fish.  Arc-Welded Steel Frame Structures. (New York: McGraw-Hill Book Company, 1933): 8. 



ASH STREET BRIDGE/ ROBERT J. PROWSE MEMORIAL BRIDGE  
(NH BRIDGE 140/120) 

NH STATE NO. 650 (Page 14) 
 

                                                

tank in Oklahoma 40' in diameter and 20' high, believed to be the largest all welded tank up to 
that time.38 

The General Electric Company was also an early leader in the advancement of structural 
welding.  In 1921 GE began a test program in conjunction with the engineering department of 
nearby Union College to measure the shear strength of electric welds made to join various 
structural steel assemblies.  Following the testing GE built an all-welded truss tower, a truss 
crane boom and finally an elevated pedestrian through-truss bridge spanning between two 
factory buildings at the plant, all completed in 1921.39  

One of the earliest authorities on electric welding of structures was Union College civil 
engineering professor Frank P. McKibben who oversaw the schools experimental and testing 
work for GE.  McKibben had previously taught civil engineering at MIT between 1895 and 
1907, then at Lehigh for another twelve years before joining the faculty of Union College in 
1919.  He left teaching in 1926 at the age of 55 to pursue consulting for GE on a nearly 
continuous basis until his death in 1936.  He served as president of the American Welding 
Society in 1932 and wrote numerous articles on the electric welding accomplishments of General 
Electric.40 

General Electric’s competitor, the Westinghouse Electric and Manufacturing Company, is 
usually credited with the major technical advances in structural welding that led to its use for 
both major buildings and bridges.  In 1926 Westinghouse engineers designed and built the 
world’s first large all-welded building, a five-story factory of heavy construction incorporating 
790 tons of structural steel.  It was erected at the Sharon, Pennsylvania plant by the American 
Bridge Company.  The design followed destructive testing of full-size welded joints that 
radically departed from previous designs.  The Sharon Building included the first welded plate 
girder and the first use of continuous beam framing.  Although a saving of 110 tons of steel was 
realized over the alternative riveted design, the cost of the welding labor put the overall cost of 
the building somewhat higher than the cost for riveted construction.  Westinghouse immediately 
followed the Sharon Building with the construction of six other all-welded buildings, including a 
factory at Derry, Pennsylvania, that covered two acres.  The Derry Building demonstrated for the 
first time an overall cost savings over riveted construction, an unsettling development for the 
riveting industry.   

McKibben’s counterpart at Westinghouse was Gilbert D. Fish, a welding and structural 
consulting engineer responsible for many of the early developments including the design of the 
first major all-welded building (Sharon Building) and the first all-welded bridges (described 
below).  A graduate of the Columbia University engineering program, he later taught engineering 
at Columbia and Yale.  He also served as president of the American Welding Society and wrote 
numerous articles on the electric welding accomplishments of Westinghouse and on the overall 

 
38 F.P McKibben. “Arc Welding of Steel Structures.”  Journal of the American Welding Society, 2 (February, 1923): 
47-48.   
39  McKibben, 1923, pp 32-37.  
40  “Frank P. McKibben.” Obituary.  New York Times, November 28, 1936.  
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subject of structural welding including the first major treatise on the subject, Arc-Welded Steel 
Frame Structures, published in 1933.  By 1927, General Electric was playing catch-up with 
Westinghouse in the area of welded structures and lured Professor McKibben away from 
teaching to serve as a consultant to the electric welding division.  McKibben immediately began 
writing articles on the subject of structural welding which were almost always illustrated with 
photos of GE projects.   

American Bridge Company also saw the potential of welded bridges early on and began its own 
experimental program making various types of welds to join structural steel and then testing 
them to failure.  In 1926, James H. Edwards, assistant chief engineer of American Bridge, 
oversaw the welded construction of a very heavy plate girder with doubled flange plates, one 
slightly narrower than the other, joined along the top with fillet welds.  The girder was tested to 
failure in the 5000-ton Olsen hydraulic compression machine at the National Bureau of 
Standards in Pittsburgh and the results published.41  The test showed that the beam failed by 
buckling of the web plate and not by failure of any of the welds.  Tests like these of full-size 
welded structural units convinced welding engineers and many members of the structural 
engineering community that welded joints were as strong as or stronger than riveted joints.  
Bridge engineers however, were for the most part still dragging their feet toward the new 
technology.  

Welded Bridges  
The era of welded vehicular bridges that continues today began in 1927.  The first major use of 
electric welding on a bridge project was the double decking of a highway over the Susquehanna 
River at Havre de Grace, Maryland, in early 1927 by the Electric Welding Company of 
America.42  The Phoenix-column through truss bridge was built in 1873 for the Pennsylvania 
Railroad and converted to a highway bridge shortly after the PRR built a new heavier bridge 
alongside it in 1908.  By 1927, increased highway traffic demanded a second travel lane, which 
was accomplished by adding a new deck midway up the columns.  The floorbeams of the new 
upper level deck were welded directly to the wrought iron columns using heavy gusset plates.  

Shortly after the Harve de Grace bridge project started, the American Bridge Company started 
the first major railroad bridge strengthening project to use electric welding.  The Chicago Great 
Western Railroad Bridge over the Missouri River at Leavenworth, Kansas consisted of two 330' 
fixed spans flanking a 440' swing span. The work was done between February and April 1927 
without interrupting train service and involved the addition of 225,000 pounds of structural steel 
to the bridge by electric welding.43  

 
41 Whittemore, H.L. “Test of an Arc Welded Plate Girder by the American Bridge Co. and the U. S. Bureau of 
Standards.”  Journal of the American Welding Society, 6 (January, 1927): 42-48.  
42  J.N. Mackall.  “Doubledecking the Havre de Grace Highway Bridge.”  Engineering News-Record, 98 (June 2, 
1927): 898-900.   
43 American Railway Engineering and Maintenance of Way Association.  “Electric Welding Reduces Cost of 
Strengthening Bridge.”  Proceedings of the Annual Convention of the American Railway Engineering and 
Maintenance of Way Association, 23 (July 1927): 279-281.  See also: Railway Age. “Use Electric Welding Process 
to Strengthen Bridge.”  Railway Age, 82 (June 18, 1927): 1944-1946. 
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Meanwhile, Westinghouse was testing forty-two full-size arc-welded structural steel joints to 
destruction at the Carnegie Institute as “part of the preliminary work in an organized movement 
to replace riveting by more economical means for connecting steel structures.”44  Gilbert Fish 
oversaw the test program and presented his findings to the Affiliated Technical Societies of 
Boston on December 14, 1927: 

These tests proved that arc welded joints could be made stronger in 
every way than the members joined, and that arc welded plate 
girders assembled from plate material only could be made to resist 
greater bending moments than riveted plate and angle girders of 
the same depth and weight.45   

With the test data in hand, Westinghouse Electric began construction of the world's first two all-
welded bridges in late 1927.  Both were railroad bridges built to carry rail spurs on their factory 
property.  A 53' plate-girder bridge constructed entirely of steel plate was built at the East 
Pittsburgh plant to carry the Interworks Railroad between the company’s Linhart works and the 
East Pittsburgh works.  It was completed first, in December 1927, but for reasons unknown it 
was not credited by Westinghouse as the first all-welded bridge.  It may have been because 
larger, heavier welded plate girders had been already successfully built for buildings and 
machine supports and therefore it did not represent a real advancement.  Besides, Fish had a far 
more worthy welded bridge project nearing completion in Massachusetts.46   

The distinction of “first all-welded bridge” is attributed to the 153' skewed through-truss span 
built at the Westinghouse Chicopee Falls (Mass.) plant to carry the Boston and Maine Railroad 
spur line over a canal and into the yard.  The bridge was designed as a riveted structure by 
B&MRR railroad under B.W. Guppy, engineer of structures, who then agreed to let 
Westinghouse consulting engineer Gilbert Fish oversee the substitution of rolled shapes for built-
up shapes joined entirely by electric arc welding.47  Welding saved 40 tons of steel, representing 
33.5 percent of the total weight of steel in the bridge.   

At the 1928 meeting of the American Institute of Electrical Engineers held in New York City in 
February, Albert M. Candy, Welding Engineer for Westinghouse who worked alongside Gilbert, 
announced his company’s latest welded bridge achievements and presented a technical paper 
detailing the data and conclusions of the welded joint testing program.48  The New York Times 
covered the convention and reported on Candy's address describing the many benefits of welded 

 
44 G.B. Fish.  “Examples of Arc Welded Steel Construction. “  Journal of the Boston Society of Civil Engineers, 15 
(February 1928): 59. 
45 Ibid.   
46  A.G. Bissell.  “Plate-Girder Railway Bridge Built by Welding.”  Engineering News Record, 100 (February 23, 
1928): 322-323; Fish, “Examples of Arc Welded Steel Construction,” pp. 59-70.   In an address before the Affiliated 
Technical Societies of Boston given December 14, 1927, Fish states that the East Pittsburgh plate girder bridge is 
completed and in service, and that the Chicopee truss bridge is under construction.  In subsequent articles Fish and 
others state that the Chicopee truss was the first all welded bridge.  
47  Gilbert D. Fish, “First Arc-Welded Railway Truss Bridge.”  Engineering News-Record, (July 26, 1928): 120-123. 
48  A.M. Candy.  “Arc-Welded Structures and Bridges.”  Journal of the American Institute of Electrical Engineers, 
47 (April 1928): 274-277.  
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construction with the headline “Urges Arc Welding in Steel Buildings.”  Candy’s comments that 
“the substitution of electricity for the pneumatic hammer would relieve city dwellers of the 
racket of riveting” was highlighted in the article.49  Two electrical engineers for General Electric, 
Peter P. Alexander and Alexander P. Wood, also gave papers on arc welding at the meeting but 
were given only a passing mention in the press.   

In addition to structural alterations (Havre de Grace bridge) and strengthening (Leavenworth 
bridge), welding was also uniquely suited to the repair structural members weakened by 
corrosion.  Mending plates could be directly welded to the flanges of a plate girder for example, 
to patch a rusted-through web plate.  Rusted portions of truss and chord members could be cut 
out and a new section welded in place.  Plus the work could be done without interruption of train 
service.  In 1928 Westinghouse demonstrated the cost-effectiveness of welded repairs on a job 
for the Public Service Company of New Jersey repairing an 86' pony-truss that carried a street 
trolley over steam railroad lines.  The locomotive exhaust had severely corroded the lower 
chords and other members.50 

By 1929 the business of welding bridges took off and never stopped.  The first specifications for 
“arc-welded connections in bridges” were published in 1929, authored by Gilbert D. Fish of 
Westinghouse.  Dozens of articles on welded structures were published in the engineering 
literature promoting its use (see Figure No. 1).  McKibben reported that the building of 
electrically welded buildings and bridges increased by 50 percent over the period of a year 
beginning July 1928, and noted:  

The most notable advance has been in the height and size of 
buildings such as the new Hotel Homestead in Hot Springs, 
Virginia with a height of 180 feet.  A second interesting 
development is the comparative ease by which existing bridges are 
strengthened by welding new steel to corroded or over stressed 
members, a process applied not only to highway structures but to 
steam railroad bridges as well.  Indeed, welding could ask for no 
better endorsement than this adoption by some of the leading 
railway systems of the world.51 

 

 
49  "Urges Arc Welding in Steel Buildings." New York Times, February 18, 1928. 
50 L.B. Woodruff. "Repairing a Truss Bridge Under Traffic by Arc Welding." Engineering News-Record, (October 
25, 1928): 628-630. For a discussion of other notable bridge repair projects using electric welding were done in 
1928 in Rochester (NY) and Pittsburgh (PA) see G. J. Green, "Repair of Corroded Bridges." Iron Age, 121 (March 
8, 1928): 677.  
51  General Electric Review. "Welded buildings increase 50 per cent in one year." General Electric Review, 32 
(September 1929): 476;  F.P. McKibben. "Structural Steel Welding." General Electric Review, 32 ( November 
1929): 622-625.   
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Figure No 1. Advantages of welded plate girders (McKibben 1929.) 

 
The Electric Welding Company of America, mentioned above as one of the leaders in the field, 
played an active role in the development of field welding methods and techniques.  A.W. 
Schenker, Chief Engineer for the company, developed cost effective methods for field repairs to 
bridges including a new method of butt-splicing.52  The company undertook numerous projects 
for the railroads repairing and increasing the load capacity of bridges.  Plate girder bridges were 
easily strengthened by welding an additional cover plate or plates onto the old flanges using 
progressively narrower plates to enable the use of efficient fillet welds (see Figure no. 2).53    

 

 
Figure No. 2: Railroad bridge plate girder repair method 
(source: Engineering News-Record, September 26, 1929) 

 
An automatic welding machine for welding so-called battledeck floors – adopted from welded 
ship construction – was demonstrated at the 1929 convention of the American Institute of Steel 

                                                 
52 A.W. Schenker. “A New Welded Girder Splice.”  Engineering News-Record, (November 26, 1929): 507-508. 
53  Engineering News Record.  “Repairing railway bridge girders by welding on new cover plates.”  Engineering 
News Record, 103 (September 26, 1929): 506-507. 
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Construction in Biloxi, Mississippi.  The machine crawled along on wheels at a constant speed 
while a wire electrode was automatically fed from a reel.54   

Manual and automatic welding was soon used for the construction of solid metal floors for 
bridges such as the heavy concrete-filled metal trough floors used by the railroads but also for 
light weight applications such as metal plate battledeck or open-grate floors.  Movable spans 
naturally benefited from lower weight welded floors.  An early example is the 160' swing-span 
McKee Street Bridge between Port Arthur and Galveston Texas that was lightened in 1931 by 
the installation of a steel diamond-plate “battledeck” floor welded directly to the floor beams.  
Houston city engineer J. G. McKenzie designed and supervised the project that increased the 
bridge load rating from 10 to 20 tons and was done at a cost of only $1400.55 

The railroads enthusiastically adopted electric welding for the repair and upgrade of their bridges 
because most of the work could be done without the extremely costly interruption of train 
service.  The Erie Railroad, for example, strengthened two plate girder bridges in Akron, Ohio, 
in 1931 by welding additional cover plates to the girder flanges and thereby increasing the load 
rating from Coopers E-40 to Coopers E-73 loading.56  

By the early 1930s welding was also finding its place in many state highway departments for 
bridge repair and reinforcing projects as an economical method of increasing the load capacity.  
Papers discussing several successful projects were presented at the Conference on Highway 
Engineering held at the University of Michigan in 1933.  The chief engineer of the Michigan 
State Highway Department, C.A. Melick, explained with detailed drawings the numerous ways 
in which welding was efficiently used to strengthen iron and steel truss bridges for continued 
service under increased loading.57 

But bridges constructed entirely with welded connections – referred to in the literature as “all-
welded bridges” – did not immediately catch-on in the US. It was not until 1932, five years after 
the Westinghouse bridges, that the next all-welded bridge was completed in the U.S.  Located in 
Merced, California, it was a steel viaduct, 1380' long, consisting of thirty-one 40' plate-girder 
spans and seven 20' spans.  

Meanwhile, Europe’s first all-welded bridge had been completed in 1930, an 88' camel-back 
pony-truss built by the Polish government over the Sludwia River on the main highway between 
Warsaw and Berlin.  A 122' truss was erected in Leuk, Switzerland, the same year and in 1931 a 
161' truss was built in Plzen, Czechoslovakia.58  England erected its first all-welded bridge in 

 
54  American Welding Society.  “Welding Developments in 1929.”  Journal of the American Welding Society, 9 
(January, 1930): 44.  
55  A.F. Davis.  “Texas Bridge Features Arc-Welded Battleship Deck Floor Construction.”   
56  A.M. Knowles.  “Reinforcing Main-line Railway Bridge by Welding.”   Engineering News-Record, 107 
(September 10, 1931): 411-412. 
57  C.A. Melick, “Old Steel Road Bridges Restored by Welding.”  Engineering News-Record, 110 (June 1, 1933): 
706-708.  
58  Grover, 1934, p. 361 
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1934, a five-span steel-rigid frame highway bridge over railroad tracks, arguably the world’s first 
welded rigid frame bridge (see discussion below).59 

In the U.S., attention mainly focused on all-welded plate girder bridges since they offered 
attractive cost-benefits and simplicity of design.  The elimination of separately rolled angles for 
the flanges and web stiffeners, the elimination of riveting labor and the reduction in loss of 
material section due to rivet holes resulted in significant savings in overall cost.  In 1932, Samuel 
Eckels, Chief Engineer of the Pennsylvania State Highway Department unveiled a ten year, $27 
million program to replace 2000 bridges across the state determined unsafe for a 13-ton truck, 
with all-welded plate girder spans.60  In an effort to further the behavior of deep welded girders 
for long spans, the state highway departments of Missouri and Kansas teamed up in 1934 to 
share in the cost of fabricating and testing full-size welded plate girders to failure.  The 27' long 
by 54" deep girders were subjected to 400 tons of loading while deflections were measured “to 
gain information and experience relative to the application of welding to bridge construction and 
also to obtain cost data under shop conditions.”61  

Cost-effective all-welded truss designs quickly followed.  Ira Kelly, Bridge Designer with the 
Kansas State Highway Commission, published a design for an all-welded pony truss highway 
bridge that demonstrated a 15 percent overall cost savings over the same riveted design.  In 1935 
the largest welded truss bridge in the U.S. and the second largest in the world was completed 
over the Rancocas River in Delanco, New Jersey.  It was a pony truss with two fixed spans and a 
continuous 160' center swing span for an overall length of 397'.62  A year later (1936) the longest 
welded truss bridge span in the world was completed over the Raquette River at Massena, New 
York, as a link in the new U.S.-to-Canada highway crossing of the St. Lawrence River.  There 
were two main channel spans, each a high-Pratt truss of record-setting 150' length.63 

By the mid-1930s the technical literature on the subject of structural welding applied to bridges 
was expanding rapidly.  In 1934, the American Welding Society appointed a committee to begin 
developing specifications for welding bridges and two years later published Specifications for the 
Design, Construction, Alteration and Repair of Highway and Railroad Bridges by Fusion 
Welding.  The technology changed so rapidly a second edition was published in 1938 and then a 
third in 1941 that was renamed and “thoroughly revised and rewritten in order to bring the this 
work up to current theory and practice.”64  

 
59  Engineering News-Record.  “First All-Welded Highway Bridge in England Recently Completed.”  Engineering 
News-Record 112 (May 17, 1934): 626.  
60  “Low Cost I-Beam Bridges for Pennsylvania Highways.”  Engineering News-Record, 110 (June 1, 1933): 709-
710.  
61 LaMotte Grover.  “Arc-Welded Bridge Girders Tested to Failure.”  Engineering News-Record, 115 (September 
19, 1935): 392. 
62  A.F. Davis.  “Largest All-Welded Bridge Completed in New Jersey.”  Journal of the American Welding Society, 
14 August 1935): 2-4.  
63  G.L. Dresser.  “Welded Highway Bridge Trusses of 150-ft. Span.”  Engineering News-Record, 116 (January 9, 
1936): 40-41.  
64 American Welding Society.  Specifications for Welded Highway and Railway Bridges.  Design, Construction and 
Repair.  New York: American Welding Society, 1941.  
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The Lincoln Electric Company established the James F. Lincoln Arc Welding Foundation in 
1936 to support research and development in the science, engineering and practice of structural 
welding.  The foundation initiated a contest and awards program in 1938 for the “best technical 
papers on the application of arc welding to design and production.”65  The contests, which 
continue today and have resulted in the compilation of thousands of papers and designs, 
ultimately played an important role in the design of the Ash Street Bridge.  

One of the leading writers and promoters of welded bridge construction was LaMotte Grover, 
Bridge Designer with the Kansas State Highway Commission.  He wrote comprehensive articles 
on the accomplishments of European engineers who were advancing much more rapidly in the 
design and application of welded bridges than their U.S. counterparts.  Grover noted that the U.S. 
led the world in the use of welding of mechanical equipment for industrial applications such as 
boilers, piping, and chemical equipment, but in the area of structural welding, particularly in 
bridge construction, it “has not been so outstanding.”66  The editors of Engineering News went 
further to say “the record of welded bridges in this country– other than strengthening and repair 
jobs – is unimpressive, and when compared with that in Europe is hardly worthy of note.”67  The 
editor did offer a bit of hope, noting that the new specifications “just published” by the American 
Welding Society (AWS) “should mark a turning point in welded bridge development.”   

The AWS specifications may have been the turning point, but equally important over the next 
decade was the extensive research and testing of all types of structural welding.68  In his 1948 
paper “Welded Bridges,” Grover gives an overview of the advances made in the U.S., Canada 
and Europe over the preceding twelve years.  The Connecticut State Highway Department for 
example, under the guidance of Bridge Engineer John Willis, began a welded bridge program in 
1938 that resulted in twenty-five bridges completed by 1949, all of which were girder or rigid 
frame structures.69  Two rigid frame bridges completed in 1938 in Connecticut are early 
examples of the type.  The overall weight reduction possible with welding versus riveting made 
welding the choice for lift bridge spans where considerable savings could be realized in lighter 
operational machinery.  The Treasure Island Causeway at St. Petersburg, Florida, a double 
bascule highway bridge completed in 1939 is one example.70  

 
65   Information about the James F. Lincoln Arc Welding Foundation is available at www.jflf.org.  The following 
information is from that website: The first contest in 1938 drew the submission of 1,981 papers.  Of these, 446 
papers were given cash awards totaling $200,000 ($2.68 million adjusted for inflation), with the top award being 
worth $13,700 ($183,000 in today’s dollars).  The program was international in scope, with the First Grand Award 
going to a project submitted by the president and a stockholder of Wellman Engineering Company of Cleveland, 
Ohio, and the Second Grand Award being won by engineers on the staff of Diagrid Structures, Ltd. of London, 
England. 
66   LaMotte Grover.  “Foreign Countries Lead U.S. in Welded Bridges.”  Engineering News-Record, 116 (May 14, 
1936): 703-709. 
67 “Behind in Bridge Welding.”  Engineering News-Record, 116 (May 14, 1936): 712-713. 
68  LaMotte Grover provides a comprehensive discussion of the testing programs and experimental advances in 
structural welding in his paper “Recent Trends in Concepts of Design for Welded Steel Structures.”  Welding 
Journal, 25 (November 1946): 1091-1108.  An extensive bibliography accompanies the paper.  
69  See the bibliography for two papers by John F. Willis.  
70  LaMotte Grover.  “Welded Bridges.”  Welding Journal, (October, 1948): 812-826. 
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The steel shortages that followed World War II made the materials savings afforded by welding 
all the more attractive and propelled welded bridges into mainstream production in the U.S.  
Technologies borrowed from the massive bridge rebuilding programs in Europe, such as 
composite construction, grid deck and orthotropic designs, were being more readily embraced in 
the U.S.  

Determining Secondary Stresses With Elastic Models 
The idea of precisely measuring the deflection of two dimensional elastic models of structures in 
order to predict the secondary stresses and behavior of indeterminate structures such as bridge 
trusses with riveted joints and rigid frames rests nearly entirely with Princeton engineering 
Professor George E. Beggs.  Beggs introduced his idea in 1922 in a paper presented at the annual 
convention of the American Concrete Institute entitled “An Accurate Mechanical Solution of 
Statically Indeterminate Structures by Use of Paper Models and Special Gages.”71  This was 
followed the next year with another paper that presented “additional evidence of the correctness 
of the results”72 and discussed the use of more complex models formed from sheets of Celluloid, 
an early thermoplastic material.73   

In 1924 Beggs presented his method of measuring deflections in models to the American Society 
of Civil Engineers (ASCE) at their annual meeting in his discussion of a paper given by A.C. 
Janni on the design of multiple arch systems.74  Janni presented a simplified method of analyzing 
a triple-arch open-spandrel viaduct-type bridge; Beggs made a model of the bridge in order to 
compare Janni’s theoretical results with those obtained by measurement with the deformeter.   

In 1925 Beggs patented his method and the gages that he had designed and fabricated in order to 
take the measurements (see Figure No. 3).  The device that he patented consisted of a set of 
mechanical instruments for inducing and measuring deflections in models.   

 

                                                 
71  George E. Beggs.  “An Accurate Mechanical Solution of Statically Indeterminate Structures by Use of Paper 
Models and Special Gages.”  Proceeding of the American Concrete Institute, 18 (1922): 58-82. 
72 George E. Beggs.  “Design of Elastic Structures from Paper Models.”  Proceeding of the American Concrete 
Institute, 19 (1923): 53-66. 
73  Celluloid is a trade name registered in 1870 for a nitrocellulose thermoplastic material produced by the reaction 
of nitric and sulfuric acids on pure cellulose; used for billiard balls in the 19th century; guitar picks were first made 
from the material in 1922.  See H.R. Clauser, Encyclopedia of Engineering Materials and Processes, 1963, p. 114; 
also www.wikipedia.org under “Celluloid.”    
74 George E. Beggs.  Discussion of Paper No. 1571, A.C. Janni, “The Design of a Multiple Arch System and 
Permissible Simplifications.”  American Society of Civil Engineers Transactions 88 (1925): 1208-1229. 
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Figure No. 3: US Patent No. 1,551,282.  August 25, 1925. 

 
As explained by Beggs, his method was based on the “much used and well-known principle – 
Maxwell’s Theorem of Reciprocal Deflections.”75  The theorem governs the deflections in 
structures that result from loads applied to a structure at a given point and direction.  Deflections 
can be plotted using influence lines to produce a deflection diagram for a structure as shown in 
Figure No. 4.  In 1916, Beggs was called on to plot the influence lines for the reactions for the 
Bessemer and Lake Erie Railroad Bridge, a three span continuous deck truss nearly 1000' long 
spanning the Allegheny River near Pittsburgh.76  The influence lines were plotted after 
“calculating their ordinates by the theories of deflection and least work,” the accepted method of 
analyzing indeterminate structures at the time.  Beggs then took field measurements of the actual 
deflections of the bridge using a calibrated measuring pole and compared the results to those 
predicted by mathematical theory and found the “agreement of values to be remarkably good.”77   

                                                 
75  Ibid., p. 1209. 
76  Beggs, 1922, pp. 58. 
77 Beggs, 1922, p. 59.  
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Figure No. 4: Deflection diagram plotted by Beggs in 1916 that led to his invention of the deformeter. 

 
The actual measuring of stresses in bridges by taking accurate measurements of the completed 
structure under load was first done in 1883 by Wilhelm Frankel, a professor of engineering at the 
Polytechnic School in Dresden.  Frankel invented a strain gauge (the Frankel extensometer) that 
he used to measure the deflections of a riveted iron truss bridge to determine the secondary 
stresses.  “His results produced such uneasiness among German engineers that some of them 
abandoned the riveted truss in favor of pin connections.”78  Frankel later invented the deflection 
gauge and vertical and horizontal vibration gauges and “thus created the instruments required to 
verify bridge engineering theories and classical structural theory.”79  Several other European 
engineers conducted experimental measurements on bridges to determine the actual secondary 
stresses in the finished structure, notably including those done in 1905 on a skew truss by Willy 
Gehler, a successor of Frankel at Dresden Polytechnic.80 

In the United States, the first major effort to determine secondary stresses on a bridge by field 
measurement was undertaken by David B. Steinman in the course of the construction of the 
famous Hell Gate Arch Bridge in 1917 for the Pennsylvania Railroad.  The magnitude of the 
project led Steinman to utilize the bridge as “an instrument for scientific research by conducting 
a series of stress measurements extending through all the different stages of erection until the 
structure was completed.”81  A special strain gauge of the direct reading micrometer caliper type 
known as a Howard Extensometer was used to obtain the stress measurements.  Steinman 
claimed the Hell Gate Bridge to be “probably the first structure ever built in which the true stress 
                                                 
78 Steinman, 1918, p. 1042. 
79 Karl-Eugen Kurrer.  The History of the Theory of Structures: from Arch Analysis to Computational Mechanics.  
Berlin: Ernst & Sohn, 2008, p. 731. 
80  D.B. Steinman.  “Stress Measurements on the Hell Gate Arch Bridge.”  American Society of Civil Engineers 
Transactions, 82 (1918): 1040.   
81 Ibid.  
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conditions are known from experimental determination” and that “the record, on the whole, 
indicates a scarcity of such observations in the past, and serves to emphasize the value and 
importance of undertaking more investigations of this character in order to confirm or correct the 
results of theoretical analysis.”82   

Beggs realized that the great need for such empirical data on the behavior of indeterminate 
structures was severely limited by the great cost of conducting field measurements of bridges 
under construction or completed and in service.  More importantly, data on the behavior of a 
particular design is wanted before construction, not after.  

Beggs credits the genesis of his idea of using Maxwell’s theorem of reciprocal deflections to 
obtain influence lines by observing the microscopic movements of elastic structural models to a 
comment made by Steinman in reference to his Hell Gate Bridge project.  Steinman noted that 
“every influence line is a deflection diagram” and it was from this statement that Beggs 
postulated “it might be possible to obtain the values for an influence line by observing certain 
microscopic movements of elastic structural models.”83   

 

 
Figure No. 5: Deformeter gages designed and patented by Beggs  

[Source: Beggs, “Discussion of Paper 1571”, 1925, p 1213.] 
 
One of the first to purchase a set of the deformeter gages was Arthur G. Hayden who went to see 
Beggs at his Princeton laboratory in 1925 for a personal demonstration of their use (see Figure 
No. 5).  Hayden used the gages to analyze the innovative rigid frame bridges he was designing 
for the Westchester County Parks Commission. In his arguments for the practical economy of 
rigid frame bridges Hayden quotes the deformeter studies done by Beggs in 1923 of rigidly 

                                                 
82 Steinman, 1917, pp. 1041, 1047-1049.   
83 Beggs, Discussion of Paper No. 1571, p. 1209. 
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connected frames: “frames that are rigidly connected member to member support their loads with 
minimum effort…  the deflection under load decreases as the rigidity of the structure increases… 
the work a structure must do in supporting its load is not only divided among all members of a 
rigidly connected structure, but the total work to be done is less by reason of the rigidity.”84  
Hayden compared the results of a mathematical analysis of a bridge with that obtained by 
mechanical analysis using the “Beggs method” and noted that the mathematical methods “are 
probably less reliable than the physical methods of analysis.”85  

Another early user of the Beggs Deformeter, also in 1925, was Joseph R. Burkey, Chief Bridge 
Engineer of the Ohio Department of Highways who used it to check his design of the 
monumental Route 20 Viaduct at Ashtabula, Ohio, a concrete open-spandrel arch viaduct with 
seven 135' arch spans.  Burkey describes the unique features of the bridge and his “studies of the 
complex behavior of the monolithic arch and deck believed to constitute work of a pioneer 
nature in this field.”86  A paper model of the arch span was made and the studied using the Beggs 
deformeter to measure displacements in the model by applying predetermined thrust, moment or 
shear displacements elsewhere in the model using the gages.  “By applying Maxwell’s theorem 
of reciprocal displacements and corresponding gage displacements, influence lines were obtained 
for thrust, moment and shear for each of the sections tested.”87  The deformeter studies provided 
“proof that the deck acting in conjunction with the arch rib functions in a manner similar to a 
stiffing truss and provides a much greater factor of safety for the arch ribs than is considered 
available when the ribs are analyzed by the elastic theory.”88   

By 1927 the Beggs method had been subjected to many trial tests by university laboratories and 
designing offices in the US and abroad with “the consensus of opinion is that results from the 
model are very close to the truth.  For important results the experimental error does not exceed 1 
per cent.”89  Hale Sutherland, professor of engineering at MIT conducted tests on a model of a 
concrete arch with fixed ends using the Beggs deformeter and also found the results in near 
perfect agreement with the mathematical theory. 

With such endorsements, the Beggs Deformeter was embraced by the engineering community 
and used for a wide variety of structural analyses.  Besides groundbreaking work like that done 
by Burkey defining the accurateness of indeterminate structural theory, Beggs noted that “an 
engineer or architect who employs models in designing secures for himself greater freedom in 
the choice of unusual structural forms, which may be either more economical or more artistic.”90  
That was exactly the case thirty years later in the design of the Ash Street Bridge where Robert 

 
84  Hayden, Arthur G. “Rigid Frames in Concrete Bridge Construction.”  Engineering News-Record, 96 (April 29, 
1926): 686. 
85  Ibid., p. 689. 
86 Burkey, J.R.  “Features of an Open-Spandrel Arch Viaduct.”  Engineering News Record, 101 (December 20, 
1928): 919. 
87  Ibid., p. 922. 
88  Ibid.  
89  George E. Beggs.  “The Use of Models in the Solution of Indeterminate Structures.”  Franklin Institute Journal, 
203 (March, 1927): 384.  
90 Ibid., p. 376.   
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Prowse exercised freedom in conceiving the design by intuition, and then determining its 
structural behavior with the Beggs deformeter.91 

The first analysis of a suspension bridge using a model and the deformeter method was done by 
Beggs in 1930 in his Princeton laboratory.  The 1200' span Mt. Hope Bridge in Rhode Island, 
completed the year before, was chosen as the model for the initial tests because D.B. Steinman, 
the designer of the bridge, had compiled very complete design results using Moiseiff's deflection 
theory against which the deformeter deflection results could be compared.  The tests not only 
demonstrated that suspension bridge models could be used to accurately “predetermine the 
stresses due to live load, wind and temperature,” but also exposed errors in the conventional 
theory that assumed equal loads on suspenders.92  Based on the successful experiments on the 
Mt. Hope Bridge, Beggs was called upon by the California Highway Department to work with 
Professor R.E. Davis of the University of California at Berkley to develop and test a model of the 
San Francisco to Oakland Trans-Bay suspension bridge, the first actual job application of 
suspension bridge model analysis.93  

Arthur Hayden asked Beggs to write a chapter entitled “Deformeter Analysis” for his book The 
Rigid Frame Bridge, published in 1931.  [Refer to that six-page description for an exact 
description of the many careful steps involved in using the deformeter gages.] 

In 1934 a special conference was organized by professors from the engineering programs of 
Princeton, M.I.T., Cornell, Case, Ohio State and others, on the laboratory use of models as aids 
in the design and construction of structures and in hydraulic studies.  Held at Cornell, it was the 
first conference on the subject of models and drew several hundred attendees from across the 
country.  The program on structural models was divided into three subject areas: (1) 
consideration of the deformeter method of model analysis; (2) principles and possibilities of the 
photoelastic method, and (3) loaded models, including suspension bridges, dams and buildings.94 

A reporter for Engineering News-Record gave this account of Professor Hale Sutherland (of 
Lehigh University at the time) speaking on the importance of the Beggs deformeter method: 

Professor Sutherland listed five American contributors to structural 
theory (which he pointed out is largely the achievement of 
Europeans) in the persons of Squire Whipple, truss analysis, 1847; 
C.E. Greene, moment-area theorems, 1872; G.A. Maney, slope-
deflection method, 1915; George E. Beggs, deformeter method of 

 
91  Robert Prowse describes his use of the deformeter in  “All-Welded Frame Type Stringer Span Design Proved by 
Model Tests,” Modern Welded Structures, Vol. 1 (Cleveland, Ohio: The James F. Lincoln Arc Welding Foundation, 
1963), pp. 103-105.  See also Garvin, James L. “Ash Street Bridge.”  NHDHR Individual Inventory Form LON0116 
for a complete discussion of Prowse’s design work related to the bridge.    
92 George E. Beggs, Elmer K. Timby and Blair Birdsall.  “Suspension Bridge Stresses Determined by Model.” 
Engineering News-Record, 108 (June 9, 1932): 828. 
93 Ibid.  
94 The conference was held in conjunction with the annual meeting of the Society for the Promotion of Engineering 
Education.  See “Models as Aids in Design and Construction,” Engineering News-Record, 112 (June 28, 1934): 843-
846.  
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model analysis, 1922; and Hardy Cross, methods of column 
analogy and moment distribution.  He paid particular tribute to 
professor Beggs for his development of the accurate mechanical 
solution of statically indeterminate structures by the use of models 
and gages, pointing out that the contribution to the theory and 
practice of stress analysis was “not surpassed by any single 
contribution of any other investigator.”95    

 
George Beggs died in 1939 at the age of 56 after an illness of several weeks.  He had become 
chairman of Princeton’s Department of Civil Engineering in 1937 and had served on the faculty 
since 1914.  Born in Ashland, Illinois, he earned a civil engineering degree, with highest honors, 
from Columbia University in 1910.96  

Development of the Steel Rigid Frame  
The first rigid frame bridge in the United States was of reinforced concrete construction, 
designed in 1922 by Arthur G. Hayden, Engineer in Charge of Design for the Bronx Parkway 
Commission.97  Beginning in that year until 1925, eight bridges of the type designed by Hayden 
were built by the Commission over the Bronx Parkway.  In 1925, the Bronx Parkway 
Commission was dissolved and reorganized as the Westchester County (N.Y.) Park Commission, 
which under Hayden’s direction continued the use of the rigid frame bridge in conjunction with 
its massive Hutchinson Parkway and Cross County Parkway construction projects.  Over the next 
five years, Westchester County built seventy-one Hayden-designed rigid frame bridges.98 

In 1926, Hayden authored a paper Rigid Frames in Concrete Bridge Construction, in which he 
described the strength, economy and architectural merits of the design.  In addition, he presented 
two methods of structural analysis and drawings of the arrangement of steel reinforcement 
utilized in several different forms of rigid frame bridges.  Hayden’s analytical methods were 
embraced by the engineering community and his designs widely copied.  By 1932 over two 
hundred rigid frame concrete bridges had been built in the U.S. and Hayden was recognized by 
his peers as the father of the bridge type and its leading expert.  

Hayden is also credited with the design of the first steel rigid frame bridge in the U.S., built in 
1928 to carry the Bronx Parkway extension over the New York Central Railroad near Mount 

                                                 
95  Engineering News-Record.  “Models as Aids in Design and Construction.”  Engineering News-Record, 112 (June 
28, 1934): 843-846. 
96 “Professor G.E. Beggs, 56, Dies,” New York Times, November 24, 1939. 
97  Arthur G. Hayden.  “Continuous Frame Design Used for Concrete Highway Bridges,” Engineering News-Record, 
90 (January 11, 1923): 73-75.  Hayden had commissioned Princeton University engineering laboratory to conduct 
tests on models of reinforced concrete knees equipped with strain gauges that were then tested to failure.  It is likely 
that Hayden met Princeton engineering Professor George E. Beggs at that time, who would later conduct deformeter 
measurement on models of Hayden’s bridge designs.  See:  Arthur G. Hayden, “Tests of Knees for Continuous 
Frame Bridges.”  Engineering News-Record, 90 (January 18, 1923): 108-110.  
98  Engineering News-Record, 1933: 531-533. 
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Pleasant, New York.99  The Mount Pleasant Rigid Steel Frame Bridge, as it was called, was built 
for about $100,000, a significant savings over the estimated $140,000 cost of the alternative 
design for a simple through plate girder bridge.  The 100' span bridge resembled the distinctive 
design Hayden had developed for his reinforced concrete rigid frame bridges (see Figure No. 6).  
It utilized a series of parallel continuous girders with integral tapered legs that increased in depth 
at the knees, then tapered to the center of the span along the line of a low flat arch.  The so-called 
“knees” were where all the bending moments were concentrated and it was this detail that was 
ultimately subjected to extensive testing and analysis by Hayden and others as the steel rigid 
frame bridge was further developed and used.   

Between 1928 and 1931 Hayden built six more steel rigid frame bridges for the Westchester 
County parkways.100  Load deflection tests were conducted on three of the bridges and showed 
very small deflections thereby supporting the claim that the design possessed great rigidity.101 

 

 
Figure No. 6: Mount Pleasant Rigid Steel Frame Bridge, 1928, the first of its type 

(Source: Hodges, 1929, p. 510). 
 
Although Hayden originated the type of rigid frame bridge that proved economical and well 
suited for highway overpass structures, he was strictly not the first to intentionally utilize rigid 
frame principles in bridge construction.  European engineers preceded Americans in the use of 
rigid frame bridges of both reinforced concrete and structural steel construction.  Dozens of 
concrete rigid frame bridges were built in Europe during a ten-year period beginning in 1904.102  

                                                 
99  R.M. Hodges.  “Rigid-Frame Construction Applied to Structural Steel.”  Engineering News Record, 102 (March 
1929): 509-512.  
100   L.G. Holleran.  “Rigid-Frame Bridges in Westchester County.”  Civil Engineering, 2 (October, 1932): 652. 
101  R.H. Hodges.  “Deflection Tests Show Rigidity of Steel Rigid-Frame Bridges.”  Engineering News-Record, 107 
(September 3, 1931): 371.   
102  A.A. Brielmaier.  “Early Rigid Frame Bridges.”  Civil Engineering, 2 (October, 1932): 653; L.J. Mensch.  “Early 
Use of Rigid Frame Bridges.”  Civil Engineering, 5 (October 1935): 642; L.J. Mensch. Re-Inforced Concrete 
Constructions.  Chicago: Cement & Engineering News, 1904. 
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The Stephanie Bridge, built in 1885 over the Danube Canal in Vienna, Austria, is considered one 
of the earliest steel rigid frame bridges.103  It was a three span continuous girder structure with a 
main center span of 196'.  The side spans were anchored with immense counterweights causing 
the main span to act as a “restrained girder.”104   

 

 
Figure No. 7: First “Split beam arch” rigid frame bridge (Reichmann, 1936, p. 88). 

 
In 1929 the so-called “split beam arch” was introduced, apparently by the American Bridge 
Company, first for a long clear span building in Chicago, then for a single-span bridge (see 
Figure No. 7).  The first split-beam arch bridges were of riveted construction and consisted of a 
rolled beam span rigidly connected to I-beam legs by a curved gusset-plate knee brace.  The 
bottom flange of the girders was cut free, bent in a curve and re-riveted to a new infill web plate 
with a curved soffit (see Figures Nos. 7 and 8).105  The application of welding to this design was 
the next logical step and with that step the first all-welded rigid frame bridge in the US was born.  

 
Figure No. 8: Two span “Split beam arch” rigid frame bridge fabricated and built by American Bridge 
Company for State of Illinois in 1936; grade separation project; to carry four tracks of the New York 

Central and the Chicago Rock Island and Pacific Railroad over Cermak Road, Chicago.  
(Source: Reichmann, 1936, p. 89). 

                                                 
103 L. J. Mensch.  “Early Use of Rigid Frame Bridges.”  Civil Engineering, 5 (October 1935): 642. 
104  “Stephanie Bridge over the Danube Canal in Vienna,” Minutes of the Proceedings of the Institution of Civil 
Engineers, 92 (1888): 431-432. 
105  A. Reichmann.  “Steel Rigid Frame for Bridges and Buildings.”  Journal of the Western Society of Engineers, 41 
(April 1936): 85-92.  
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Welded Rigid Frame Bridges 
The first all-welded rigid frame bridge is believed to be a five-span steel-rigid frame highway 
bridge spanning the London & Northeastern Railway tracks in Newport, built in 1934 (see 
Figure No. 9).106  It was of the conventional type, meaning the type of rigid frame overpass 
structure developed in the U.S. by Arthur Hayden consisting of deck girders continuously joined 
to legs with gussets to form a knee connection.  Also in 1934, an all-welded Vierendeel Truss 
bridge was completed in Hasselt, Belgium over the new Albert Canal – technically also a rigid 
frame in that the truss lacks diagonals and instead utilized rigid corner connections at each panel 
points to join the verticals to the chords.  

 
Figure No. 9: (Source: Engineering News-Record, May 17, 1934, p. 626.) 

 
The collapse of Hasselt Bridge only three years later during cold weather, was caused by brittle 
fracture of the steel in the area of the welds.  Tests revealed that the potential for brittle fracture 
increased as temperature decreased, which in-turn dampened enthusiasm for welded bridge joints 
by states in northern climates such as New Hampshire.  

In the US, the first welded rigid frame bridge was built in 1940 as part of the approach structures 
to Cleveland, Ohio’s new Main Avenue Bridge.  It was a three span structure with a 70' center 
span flanked by a 28' and 25' side spans.  The leg-to-girder connections were designed on the 
split-arch principle in which a section of the bottom flange and adjacent web is cut from the main 
span girder and a curved transition section is welded in place (see Figure No. 10).107 

                                                 
106  “First All-Welded Highway Bridge in England Recently Completed.”   Engineering News-Record 112 (May 17, 
1934): 626.  
107  F.L. Plummer.  “Welded Rigid Frames, European Style,” Engineering News-Record, 125 (July 18, 1940): 91-93.   
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Figure No. 10: First welded rigid frame bridge in the US, Main Avenue Bridge, Cleveland, 

Ohio.  (Source: Plummer, 1940, p. 56.) 
 
The origin of the welded steel rigid frame slant-leg bridge can has been traced to two engineering 
professors from the University of Natal, Durban, South Africa.  J.R. Daymond and M.S. 
Zakrzewski, who submitted a design to the Lincoln Foundation “Welded Bridges of the Future 
1949 Award Program” (see Figure No. 11).  Apparently the first design of the type, it was not 
determined if the bridge was ever constructed or what bridge was the first slant-leg built.  

 
Figure No. 11: Probably the first design for a slant-leg rigid-frame bridge, 1949 

(Source: Clark, 1950, p. 140). 
 
A little more than a decade later, Robert Prowse would design the Ash Street Bridge, a slant-leg 
overpass structure that became a standard design used across the U.S.  
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In 1994, an analysis of a slant leg highway bridge was done by the engineering department at 
Florida International University in conjunction with the Florida Department of Transportation to 
study the dynamic behavior of the bridge under moving loads.  According to the authors, “the 
slant-leg bridge is one type of the most widely used bridges highway bridges in the world… [but] 
unfortunately little dynamic behavior of slant-legged rigid-frame bridges has been reported 
yet.”108  The need paper noted that “this type of bridge can reduce the depth of the main girder 
and save material in the superstructure; consequently the ratio of  live load to dead load will be 
comparatively large… therefore the investigation of the responses of slant-legged rigid-frame 
bridges due to moving loads is very important and practically significant.”   

 
PART II.  ARCHITECTURAL INFORMATION 

The Ash Street Bridge (Robert J. Prowse Memorial Bridge) is a highway overpass bridge 
crossing Interstate Route 93 in Londonderry, New Hampshire.  The bridge is a steel rigid frame 
structure composed of five parallel and nearly identical frames or bents that are designed to 
function as two-hinged frames.  The distance between the centerlines of the hinge pins is 146'-0".  
Flanking spans extending from the hinged legs of the bridge to concrete abutments are each 35'-
0" long, bringing the total length of the bridge to 216'-0".   

The design of the bridge depended upon steel cutting and welding technology to fashion each 
frame as a sculptural shape that reflects the internal stresses of the structure.  The horizontal deck 
sections of each frame merge with the legs of the frame through symmetrically curved spandrel 
sections fashioned from welded steel.  Reinforced with welded stiffeners, these spandrels permit 
the bridge legs to transmit both axial stresses and bending stresses (moments) to the pins in the 
hinges at the bottoms of the legs of the frames.  There, the stresses in the steel structure are 
resolved into linear forces that are resisted by heavy concrete footings or piers that are anchored 
by piles or by contact with underlying ledge.   

The merging of the central span of each frame with the legs is accomplished by shaping the 
soffits of the frames to the outline of a symmetrical, three-centered arch.  The radius of the curve 
of the underside of the deck is 884.25'; that of both sides of each spandrel is 13.00'.  The top of 
each frame has a positive camber at the center of the span of 213/16 inches.  The layout of the 
frames affords a minimum vertical clearance for traffic of 16'-7¾" at the guardrails of the 
interstate highway.   

The frames are connected laterally to one another through a series of welded steel X-shaped 
cross frames.  These are affixed to the webs of each frame at varying intervals, increasing from 
about sixteen feet at the ends of the bridge to twenty feet near the center.  The two outer frames 
on each side of the bridge are further joined by welded horizontal lateral braces placed 
diagonally a short distance above the lower flanges of the frames.  The web of each frame is 
further reinforced by a series of vertical 6" x ⅜" stiffener plates welded at right angles to the 

 
108  Ton-Lo Wang, et.al.  “Dynamic Behavior of Slant-Legged Rigid-Frame Highway Bridge.”  Journal of Structural 
Engineering, 120 (March 1994): 885. 
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webs at varying intervals (except on the exterior faces of the outer frames).  The exterior faces of 
the outer frames are unencumbered with visible bracing or reinforcement except at the spandrels.  
Here, a vertical stiffener is welded to the outer face of each leg from the pin shoe to the upper 
flange of the frame.  Four horizontal stiffeners are welded at regular intervals up the face of the 
spandrels, each being composed of an angle section welded along the edge of one leg, with the 
outer leg inverted to prevent dirt and water from collecting in the angle. 

The reinforced concrete deck of the bridge overhangs the outer frames by nearly four feet, 
providing a total deck width of 38'-8" and creating a strong horizontal terminus to the bridge 
structure.  The deck is integrated with the tops of the five parallel frames by a multitude of shear 
connectors that are welded to the tops of the frames and permit stresses to be transmitted 
between the deck and the frames.  The bridge provides Ash Street with a sidewalk on the north 
side.  Both sides of Ash Street are protected by steel guardrails, composed of pipe rails and 
welded balusters of square stock.  High, chain-link street fencing was added to the outer edges of 
the bridge deck in 1976 to form a safety barrier between Ash Street and the highway below.  
This installation appears to be the only change that has affected the design integrity or 
appearance of the Ash Street Bridge since its completion. 

The embankments beyond the legs of the bridge slope upward at a regular angle of about 30 
degrees to the abutments that receive the ends of the outer spans of the bridge.  The 
embankments are covered with well-fitted dry-laid concrete paving blocks that provide a neat 
appearance and discourage plant growth.  The outer faces of the abutments, at the level of Ash 
Street, are concrete parapets with their outer faces decorated with three recessed panels. 

New Hampshire Comparative Evaluation 
The Ash Street Bridge was apparently the first welded steel rigid frame overpass built on the 
Interstate or Primary road systems in the United States.  It was regarded as an experimental 
structure both in terms of both its structural and functional design.  As a steel rigid frame with 
exposed, freestanding legs, the bridge had no prototype in New Hampshire. 

Rigid frames require special strength at the juncture of the deck with the abutments or legs in 
order that strong bending moments can be transmitted between horizontal and vertical 
components of the structure.  Concrete rigid frames can attain the needed structural capacity 
through design of their internal steel reinforcement, through thickening of haunches at the 
juncture of deck and legs, or both.  Until the advent of arc welding, steel was not so adaptable to 
being strengthened at the critical juncture of horizontal and vertical components of rigid frames.  
When steel structures are built of rolled sections, the cross-sectional area of each member does 
not vary along its length.  This makes the attainment of extra strength at the areas of concentrated 
bending stresses difficult or impossible, especially when steel members are connected by riveted 
gusset plates or angles.  For this reason, few steel rigid frames were attempted before World War 
II.   

In New Hampshire, two steel rigid frame spans were built before the Ash Street Bridge, and both 
had their vertical legs encased in concrete abutments that helped to absorb the bending moments.  
The first of these bridges was the “D. C. Road” Bridge over the Ashuelot River in Gilsum, 
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designed by R. D. Field of the New Hampshire Highway Department in 1935.  The bridge was 
built of four parallel riveted steel frames.  The deck beams are 36WF [wide flange] 160 [pounds 
per foot] rolled sections.  To provide the greater cross-section needed to absorb the bending 
moments, the deck beams were cut horizontally along the center of their webs at each end, and 
the lower flange and lower portion of the web were heated and bent downward to create a curved 
soffit or haunch.  Across the wedge-shaped openings were welded two ⅜" steel plates, one on 
each side of the web.  Heavy, tapered legs, wider at the top than at the bottom but with vertical 
inside faces, were constructed of welded steel plates and riveted angles, and the haunched floor 
beams were securely riveted to these legs.  The legs are encased in concrete abutments, where 
they function invisibly. 

A similar solution to designing a steel rigid frame was devised by the J. R. Worcester Company 
of Boston in 1936.  Worcester’s problem was to design an 80' span that would carry an approach 
causeway to the Notre Dame Bridge in Manchester over several railroad tracks.  Worcester 
attained the needed increase in cross section of the floor members by designing them as riveted 
plate girders with curved soffits that provided deepened ends or haunches.  These curved 
members were riveted to tapered steel legs much like those employed in the Gilsum bridge.  The 
entire steel structure was encased in concrete to protect the metal and to harmonize with a series 
of adjacent concrete arch rib openings in the causeway. 

The obvious difficulties of building these steel frames in the 1930s, with their multitudes of 
riveted connections and their complete or partial encasement in concrete, demonstrate why steel 
rigid frames were seldom attempted before the age of improved arc welding. 

Probably for reasons of cost, the Ash Street Bridge was ultimately not constructed of high-
strength weathering steel despite the recommendations of John C. Rundlett of Clarkeson 
Engineering Company, the consulting engineers who developed Prowse’s concept into contract 
drawings.  Some years later, however, Rundlett’s recommendations were to be realized in 
another showpiece bridge in New Hampshire.  In 1976, the New Hampshire Department of 
Public Works and Highways commissioned another steel rigid frame bridge.  The new span 
carries East Side Drive over the new Interstate Route 393 near the department’s headquarters, 
and provides a portal or gateway to the city of Concord for motorists approaching from the east.  
Like the Ash Street Bridge, the East Side Drive overpass is composed of a series of parallel two-
hinged frames with steel legs that merge smoothly into central deck spans and flanking end 
spans.  But where the legs of the Ash Street Bridge frames have vertical axes, the axes of the legs 
of the East Side Drive Bridge incline away from the highway at about 26½° from the vertical.  
The East Side Drive Bridge has a span of about 190' between hinge pins, and a total length of 
290' from abutment to abutment, making it considerably longer than the Ash Street Bridge.  Yet 
the depths of its steel members are virtually the same as those of the earlier bridge at their 
smallest points: four feet at the center of the span, and about 3' at the abutments.  This greater 
delicacy was achieved by the use of a low-alloy, high-strength weathering steel of the type that 
John C. Rundlett had originally suggested for the Ash Street Bridge.  While the earlier bridge 
never realized the vision of weathering steel frames and a stainless steel facing, its counterpart of 
fourteen years later demonstrated the virtues of Rundlett’s suggestions. 
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Comparison with contemporary New Hampshire overpass bridges 
Three other I-93 overpass bridges, all contemporary with the Ash Street Bridge were looked at as 
part of this project: Cross Street Bridge (Salem 089/052) (1960, demolished), Brookdale Road 
Bridge (Salem 058/089) (1961) and Route 102 Bridge (Londonderry 148/107) (1962).  All of the 
bridges were designed by the Clarkeson Engineering Company of Boston, the overall consulting 
engineers for this section of Interstate 93.  Contractor for the Cross Street Bridge was Monroe-
Langstroth, Inc. (a sub to George Brox, Inc, Dracut MA) ($191,036); contractor for Brookdale 
Road bridge was R.G. Watkins & Son Inc., Amesbury MA ($118,564); contractor for Route 102 
bridge was George Brox, Inc. Dracut, MA ($156,964).   

Unlike the Ash Street Bridge that is of steel rigid-frame design, these three bridges are of the 
more conventional multiple-beam deck girder design with reinforced concrete decks.  Multi-
beam deck girder bridges consist of a series of parallel girders, either rolled members or built-up 
(riveted or welded) plate girders, laterally braced together with structural members.  

The three bridges are all of welded plate girder construction with the exception of the Cross 
Street Bridge, which contains rolled girders in the short side spans.  The plate girder spans are all 
of variable-depth design, with deeper sections known as haunches over the center pier.  They are 
also all of continuous girder design, meaning the girder spans are permanently joined together to 
function as a single long beam supported in the middle by a pier.   

The most important and readily apparent difference between the Ash Street Bridge and the three 
deck girders bridges (aside from the distinctive slant legs) is the absence in the supporting pier in 
the median.  This of course was one of the primary benefits of the slant-leg rigid-frame design: it 
eliminated a costly pier and a potentially dangerous obstacle.  It did so by utilizing sophisticated 
structural design principles to achieve long spans at less expense.  But that does not mean the 
slant-leg bridge was cheaper or justified in all instances.  The cost of protecting the driver from 
colliding with a median pier could be accomplished with inexpensive guardrails or berms, so the 
cost of the pier was the primary consideration and that depends on foundation conditions.  In 
most instances a two-span overpass carried on a median pier will be the economical design 
especially if a wide overpass is required that would carry much greater loading than a two-lane 
bridge of minimal width.  

The Brookdale Road Bridge and Route 102 Bridge, are both continuous two-span bridges and 
essentially identical in terms of structural design type, with differences in the number and size of 
the girders due to their differing width and span length.  Brookdale Road Bridge has two 100' 
spans and an overall width 38'-6", with five lines of girders on 8' centers.  The girders are 54" 
deep, increasing to a 78" deep haunch at the pier.  The girders maintain a constant depth at the 
abutments, which reflects the lesser stress on the girders at that bearing point.  The girders are 
braced with angles except over the bearings where rolled beams are added as diaphragms just 
below the deck.  
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Figure 12: Brookdale Road Bridge over I-93 – Elevation 

 

 
Figure 13: Brookdale Road Bridge over I-93 – Section 

 
The Route 102 Bridge has two 86'-6" spans and an overall width 54', with seven lines of girders 
on 8' centers.  The girders are 52" deep, increasing to a 76" deep haunch at the pier.  Like the 
other two bridges, the girders maintain a constant depth at the abutments and are braced with 
angles and beam diaphragms as described.  

 
Figure 14: Route 102 Bridge over I-93 – Elevation 
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Figure 15: Route 102 Bridge over I-93 – Section 

 
The Cross Street Bridges differs only in that it is a four-span structure consisting of a two-span 
continuous unit flanked by short simple spans between the end piers and the abutments.  The 
main spans, at 126'-6", are longer that the other two bridges but the width is the same as the 
Brookdale Road Bridge at 38'-6".  Five lines of girders on 8' centers are used, also 54" deep, but 
increasing to 84" deep at the haunch to compensate for the additional stresses due to the greater 
span length.  The 40'-6" side spans utilize the same 54" welded girders for the fascia beams, 
maintaining visual continuity of the elevation view, but utilized more economical rolled 33" 
wide-flange beams for the internal girder spans.  

 
Figure 16: Cross Street Bridge over I-93 – Elevation 
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Figure 17: Cross Street Bridge over I-93 – Section 

 
The three bridges are representative of the practical cost-effective highway overpass bridge 
technology in widespread use at the time of their construction in the early 1960s.  The 
continuous riveted plate girder bridge of the multiple deck beam type came into common use 
during the 1930s.  By the late 1940s all-welded girders were in common use as well.  During the 
1950s, European-style composite and orthotropic deck construction came into use for long-span 
deck-girder highway bridges, but these three bridges were not of sufficient length to justify the 
use.  They instead carried conventional concrete slab decks that could be designed and 
constructed without the surcharges commonly added for newer technologies.  

As discussed above, the Cross Street, Route 102 and Brookdale bridges are structurally quite 
distinct from Prowse’s Ash Street design.  However, the three bridges, like many others of their 
day, do share certain key engineering advancements with Ash Street Bridge.  All four bridges 
benefited from the development of structural welding and its application to bridges, as well as to 
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the evolution in the design of statically indeterminate bridges.  More significantly, the three 
bridges represent the diffusion of these improvements into the broader, less experimentally 
minded, bridge building community.   
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1. Ash Street Bridge, south elevation from median, view north 
2. Ash Street Bridge, south elevation from median, view north 
3. Ash Street Bridge, south elevation from southbound (west) side, view northeast 
4. Ash Street Bridge, south elevation and underside of bridge from southbound (west) 

side, view northeast 
5. Ash Street Bridge, north elevation from median, view south 
6. Ash Street Bridge, east side of north elevation, view southeast 
7. Ash Street Bridge, underside of bridge showing cross bracing and stiffeners, looking 

east  
8. Ash Street Bridge, east approach to bridge, view west 
9. Ash Street Bridge, west approach to bridge, view east 
10. Ash Street Bridge, detail of vertical stiffeners  south elevation, west side, view 

northeast 
11. Ash Street Bridge, detail of base of bents, pier and fixed bearings west side, view 

north 
12. Ash Street Bridge, detail of base of bents, pier and northernmost fixed bearings 

(view north) 
13. Ash Street Bridge, detail of hanger and fabricator plate (“American Bridge USS 

1962”), view west 
14. Ash Street Bridge, 1973 Robert J. Prowse Memorial Bridge Plaque on west approach 

to bridge, view north 
15. Brookdale Bridge, south elevation, view northwest 
16. Brookdale Bridge, underside of bridge and east pier, looking northeast 
17. Brookdale Bridge, close up of central pier and north end of underside, looking 

northeast 
18. Brookdale Bridge, outside elevation of south girder taken from median, facing 

northwest 
19. Brookdale Bridge, south girder taken from median, north (inside) elevation, facing 

southeast  
20. Brookdale Bridge, bridge seat with elastomeric pad on west pier taken from median, 

facing west 
21. Cross Street Bridge, south elevation view looking north 
22. Cross Street Bridge, view of southern-most girder, south elevation (outside), at 

center pier, facing northeast 
23. Cross Street Bridge, view of southern-most girder, north elevation (inside), facing 

southeast 
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24. Cross Street Bridge, seat (south-most girder) at western-most pier.  Also shows the 

bridge seat on same pier for the girder between the 1st and 2nd piers.  Taken from 
in front of the west abutment, facing east. 

25. Cross Street Bridge, bridge seat with elastomeric pad (movable) on west pier for 
southernmost girder.  Taken from the median, facing northwest. 

26. Cross Street Bridge, view of bridge seat at center pier, looking east  
27. Cross Street Bridge, view of bridge seat at center pier, looking southeast 
28. Cross Street Bridge, detail of bridge seat with elastomeric pad over west pier (2nd 

girder from the south), facing northwest 
29. Route 102 Bridge, south elevation, view north 
30. Route 102 Bridge, view of underside, looking east  
31. Route 102 Bridge, view of center pier and underside, looking east 
32. Route 102 Bridge, south elevation (inside) of the third girder from the north (outside 

girder of the original bridge), facing northeast   
33. Route 102 Bridge, view of underside of bridge showing outside (north) elevation of 

the third girder from the north (outside girder of the original bridge), facing 
southeast 

34. Route 102 Bridge, south elevation (inside) of the fourth girder from the north, (an 
inside girder of the original bridge), facing northeast 

35. Route 102 Bridge, north elevation (outside) of the fourth girder from the north (an 
inside girder of the original bridge) facing southeast 

36. Route 102 Bridge, north elevation (outside) of northern-most girder (added girder), 
facing southeast  

37. Route 102 Bridge, south elevation (inside) of the northern-most girder (added 
girder), facing northeast 

38. Route 102 Bridge, bridge seats with elastomeric pads over east abutment (for 2nd and 
3rd girders from the north), facing east-northeast 
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Photos 1-14, Ash Street Bridge 
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Photos 15-20, comparable at Brookdale Road over I-93 
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Photos 21-29, Cross Street Bridge over I-93 
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Photos 30-38, Route 102 Bridge over I-93 
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