Preface
The loss of most fossil carbon energy this century will lead, in time, to a huge and complex set of crises. It is hard to believe that slow adaptations will be enough to deal with them. Necessary large actions by the whole nation are more likely--a series of grand energy projects. This is the first of several small books on a few past grand projects carried out by the United States. Some of these projects were slow to develop, some rapid. There were many large projects in our history; I have selected a few. My aim is to recapitulate how the nation carried them out and how they might connect to our future energy crisis. This first book is on two slow to develop, decades long, grand projects that built on the existing infrastructure of the time: the transcontinental railroads and the interstate highway system. Both of those grand projects will be with us for a long time, probably much changed in a future with drastically less carbon based energy.
Introduction
Our nation was unified by two large transportation systems: railroads and highways. The desire for long distance mobility has a long history going back to the time of the Revolution. 1 Early wagon roads, here as elsewhere in the world, were dirt in the summer, mud in the rainy season and frozen mud in winter. Most stayed that way for a very long time, from the beginning of the nation through the 1920’s. It was mud that made early railroads so attractive. Iron or steel rails could be laid on wood cross ties that could rest on gravel and on more solid earth below. Early photographs often show railroads or streetcars running on their iron tracks on wood ties with lanes of mud on the sides, that mud difficult for a carriage to navigate.
The two revolutions, railroad and highway, began at almost the same time. The first revolution to win out was railroads--railcars originally pulled by horses and much later by steam locomotives. The idea to make roads by carefully arranged layers of rock, heavy stones underneath and gravel on top, came later, after the first horse-drawn railroads but before the steam era. The modern asphalt or concrete road became common much later, in the 1920’s, a century after the early gravel and stone roads. 2
At the beginning, a couple of decades after the Revolution, there was hardly any rail or road transportation--what we had amounted to some roads tens of miles long. Soon, railroad construction exploded, but roads only grew modestly.
It was the steam locomotive that led to railroads dominating transport. Locomotives were heavy--there was no sense to a road going steam engine. But properly laid rails could carry the weight of an engine and cars and fuel. And trains were fast. A cart pulled by horses on a poor road might go two miles per hour. Even early on, a train on tracks could go ten times faster with a heavy load, and the advantage grew. Steel wheels on steel rail turned out to be very energy efficient, so the locomotives could carry their fuel with them--originally wood and later coal. They did need a water supply for steam, often easy to get in the eastern states.
By about the time of the first world war, the discrepancy between our railroads and roads was almost absurd--something hard to imagine today. Already in the 1870’s it was possible to travel coast to coast by rail in four or five days, even though it was necessary to change trains. By contrast, a famous--or infamous--military truck convoy took two months to travel from coast to coast on the roads of 1919! (The roads, such as they were, were for automobiles, not trucks, but the convoy also had resources no other traveler of the time could afford.) The actual first transcontinental trip by an automobile had already happened in 1903, it taking about the same two months. Both trips became famous; the second was at the beginning of the road construction boom of the 1920’s. By then the railroad construction boom was over, and soon passenger travel on railroads would start dropping off because of the automobile. But it was good roads that made the automobile viable, just as rails had enabled trains.
The early railroads set the stage for the grand project: the Transcontinentals, particularly the first of them, finished in 1869. By the start of the civil war, the railroad system in the eastern part of the nation reached to the Mississippi, some railroads just a bit beyond. 3 The first great transcontintal rail project began with the first Pacific Railroad Act, signed into law by Lincoln in 1862, with more enabling congressional laws to follow. The first law was lobbied into existence by a remarkable young man, Theodore Judah, who did not live to see the First Transcontinental realized. 4
Chapter 1-The First Transcontinental
The first transcontinental railroad was certainly a grand project and it deserves both its fame and the scandal that went with it. It deserves to be remembered for both fame and scandal. The fame is obvious, the scandal was how it was financed. 1
The western part of the transcontinental, the one from California to Utah (the Central Pacific), did begin in 1863, but did not get far until the eastern part (the Union Pacific from the Missouri to Utah) really began in late 1865 or early 1866. 2 The project was finished in July of 1869, after roughly three or maybe four years of work. The average overall rate of progress, in quite varied terrain, was perhaps 1 to 1.5 miles per day--a total of 1900 miles or 3000 kilometers. A mile a day seems to be a good rough figure. 3 The road actually ran from Sacramento to Omaha, so to get from San Francisco headed West, passengers had to cross the bay in California and to get to Council Bluffs, the terminus of the Eastern railroads, passengers had to cross the Missouri from Omaha. But the east and west coasts were now connected. It was a tremendous achievement, fully a “grand project”. 4
Because of financial chicanery we will probably never know what the first transcontinental cost investors and the public to build--it may have been $100 to $150 million or $50,000 to $75,000 per mile in 1870 dollars. 5 There are many estimates in circulation, often quoted to seven significant figures for certain segments, but few of them agree entirely for the total amount. Much of this large total amount probably ended up as the fortunes of the principals and banks that bought bonds at a discount and was not a real construction cost. The principals controlled the construction companies and charged whatever seemed convenient to them. Famously, the records of the western segment construction company, the Central Pacific, vanished without trace.
The Work Itself
One fascination of the first transcontinental was just how primitive the construction methods were when compared to today. Unfortunately, there seems to be today little interest in the day-to-day engineering of the project. The railroad had very large construction gangs with hand tools-shovels, pickaxes, hammers and iron levers. There were mule drawn carts, wheelbarrows, and at least some primitive horse-drawn dirt slip scrapers (I can find no photographs showing these “scrapers”, but they are mentioned in lists of equipment) This was before the era of wheeled scrapers. There were a few steam engines apart from the locomotives that brought materials, mostly rails and associated iron parts, up to the construction zone. Necessary wood cross ties were sourced where there were trees and brought up as well from further away. (Much of the construction zone was treeless.) The construction needed about 100 tons of rail and 2500 cross ties per mile.
Today rail roadbeds are carefully prepared, but old pictures of the transcontinental often show cross ties just placed on leveled ground, with dirt thrown between the cross ties. The aim was speed, not permanence. The U.S. government was paying $16,000, in bonds, per mile on level ground, more on slopes or mountains. And the sale of railroad bonds and stock depended on progress. The size of the construction gang on the whole road must have varied quite a bit. Estimates for the Central Pacific part range from 6,000 to 12,000 mostly Chinese laborers. Numbers for the whole project range from about 10,000 to 25,000. This large number (or, rather, half for each half of the project) would have been spread out over ten miles or more, what with the extensive grading that was needed. A plausible average number might be 10000 laborers for a rough average of a mile per day. The labor might have cost about $20,000 per mile of road, with maybe the same amount for materials.
The construction was a dramatic demonstration of what can be accomplished almost solely by organized manpower and minimal machines.
We Americans are fascinated with machines, but there is a simple and surprising calculation that one can do that leaves machines out. If 10,000 men could build one mile of road for $20,000 or so in labor cost, it is interesting to estimate what 10,000 men per mile of road would cost today. We just multiply the $20,000 by 30 or 40 to get the new labor cost of $600,000-$800,000 per mile today. The total would likely be twice this when accounting for materials. This would lead to a present day cost of around a million dollars per mile. That is within a factor two of the often quoted present day cost for railroad tracks! The two differences today are that present day railroads are of better quality and use many machines rather than men. But we probably could build railroads with human labor and many fewer and simpler machines. It would be hard work, but it likely could be done.
Many of the grand projects in our history were carried out with much simpler machines and more manpower than today. Under difficult conditions, we could probably do the same again, at least for some projects. Hopefully we will not have to.
Financing the First Transcontinental
It is curious that the federal government (meaning Congress) did not simply itself pay for and manage the transcontinental construction. The project was financially and organizationally much smaller than the civil war, and a publicly financed effort would have left the country with an asset that could be publicly administered or sold when it became profitable. It would have also kept civil war veterans busy, as the construction happened to do anyway. There was some brilliance to the civil war finance. It was paid for it mostly with bonds and also by printing “greenbacks” not backed by gold. 6 The printing of greenbacks was a success and likely also useful leverage against banks and others who ended up accepting 6% 30 year government bonds. But at the time of the first transcontinental, private finance may have been politically more powerful than government, hence the financing that happened. This had changed by the time of the much later Interstate Highway System.
The financing of the first transcontinental was a clever fraud, often ineptly executed. 7 It depended largely on the manipulation of the relation between the railroad company itself, the Union Pacific and the Central Pacific, and another company, that executed construction contracts. One of these was named Credit Mobilier (Union Pacific) and the other originally Crocker Construction (Central Pacific). The simplest trick was for the Union Pacific to pay Credit Mobiler roughly twice what the construction actually cost (there was even another trick imbedded in this one!). Thus were the government and private investors misled. It goes without saying that Congress was confused and key legislators bribed; that happens often. Land grants to the railroad companies by Congress were initiated, then expanded for no sound reason. Overall, the fraud expanded with time, becoming a labyrinth of paper--bonds of various kinds, mortgages and more. Boston and New York banks and nonbank investors became involved; it is doubtful that they lost money on their participation. The whole expanded into a financial base for later transcontinentals; the roads themselves were loaded with debt and often reorganized.
The first transcontinental may have cost about half what was invested in it by the government and outside investors not privy to the fraud. The rest made fortunes.
Why go into this? The reason is simple: we do not want to make this mistake again. Large national scale grand projects need to be genuinely national and created, financed and belonging to the people through their government. They may end up being managed publicly or under contracts with private parties or sold. But they need to be genuinely national in concept and execution. The early transcontinentals-not just the first one-were not, and the resulting corporate arrogance, public resentment, public anger and political action against corporations was bad even for the creditability of the industrial capitalism of the time.
Could we do it again?
Meaning: could we build a new electric national rail network as fossil carbon fuels for transportation decline? Our present rail system is mostly for heavy and cheap freight. (See the previous book in this series.) 8 It works well and the energy source is diesel fuel for locomotives; electrifying freight rail would not be complicated and would not demand an unreasonable amount of electric power. 9 Neither would an expanded network if we chose to build one.
Electrifying the present rail network would not be cheap. Unsurprisingly, the U.S. Department of Transportation has estimated the cost, which is very roughly $4 Million per mile, from fra.dot.gov. (This is for a double track line.) The network now is about 150,000 miles so electrifying it at $4 Million per mile would cost very roughly $600 billion. This sounds like a lot. But doing this in ten years would cost about 0.5% of GDP per year. This does not sound like so much. Doubling the length of the present network would take us back to the system length around 1917 (which included passenger lines), but at an extra cost of, as a ballpark number, $2 Million per mile for new rail lines of close to a trillion dollars. Over ten years this would amount to an extra 0.7% of GDP per year. (This figure does not include possible additional costs for new shorter distance rail freight lines.) For comparison, the military expenditures during the late “cold war” amounted to about 5% of GDP per year. 10 We managed that cost and we could manage this cost as well. 11
A more interesting thought is this one. In the long run, long distance truck freight based on diesel fuel is doomed. Why not replace present high value truck freight on the Interstate Highway System by a parallel electric rail freight system on the same right of way? The present interstate system is only 50,000 miles and such a new system would be cheaper than the numbers here. It might amount to only $300 billion if the length of the present rail system were not expanded at all, just electrified at that cost. The advantage would be such a system could service communities along the present Interstate Highway System (suitably modified) and we could even include separate passenger rail on the right of way.
There has long been continuing interest in high speed rail for people, not freight. An obvious path for high speed rail would be to follow the old regional and intercontinental railroad routes-the original transcontinentals, not the interstate highway system lines. I think of this as a separate question. High speed rail is a more expensive and complex question than I want to deal with here. So far as people are concerned, the passenger system of the last paragraph could be thought of as “low speed rail”, probably around a hundred miles per hour. It would be a modern version of what we had in 1917. I will return to this.
I should mention that there are tough questions how we would manage local high value freight and also personal transportation. That would be a different sort of infrastructure.
The numbers here are rough, but they are enough to answer the question: “could we do it again” as a national railroad grand project. The answer is clearly yes. It would also generate a lot of new jobs for construction and maintenance.
Chapter 2-Interstate Highways
Interstate highways were not new when work on the present system began in 1956, very shortly after Congress approved it. The original interregional system was set up by law in 1921, following on the dramatic increase in our road mileage after the explosion in the number of automobiles after 1915. 1 That almost exponential rise in cars stalled with the depression and WW II, but it resumed after 1945, stalling again in about 1990 at an amazing 200 Million automobiles, now closer to 250 Million. That is just short of one car per person!
Building on the original national highway system of the 1920’s did not stop with the depression; you can still drive most of that older system today. (For example, Route 2 still crosses the country near the northern border. It becomes Route 20 east of Michigan before becoming Route 2 again on my old maps.) Those old roads were originally of largely two lane modern gravel construction. This was a roadbuilding method invented in France before our war of independence, and simplified by the famous John McAdam of the “macadam” road. If you build a good gravel road today, it will be an evolution of McAdam’s original of 1820. If well made, and even if heavily travelled at moderate speed, it needs only to be graded once or twice a year. Alas, the dust you see behind a fast car on a gravel road is the fine material that binds the road material together. Speed is bad for gravel roads. The answer for modern fast roads is asphalt or concrete, with an impermeable surface.
Building the original gravel roads cost about $2,000 per mile in 1925; concrete paving was about ten times more expensive. 2 (At an inflation figure of a factor 13, the gravel roads would be $26,000 per mile today.) Those old roads have mostly been converted to two lane blacktop or concrete. But gravel roads are much cheaper than concrete ones, or even blacktop, which is why some counties are considering reverting their less travelled roads to gravel. We will probably see more reversions of this sort as oil, hence gasoline, availability declines.
The modern interstate system began with a report of the U.S. President from 1944, “Interregional Highways” 3 The Interstate Highway System or IHS passed Congress in 1956.
The post-1956 interstate (IHS) system is said to have cost $130 billion 1991 dollars (Wikipedia claims $450 Million in 2006 dollars, including recent additions), or $3 Million per mile ($6 Million in current dollars) for all four lanes and all infrastructure. Most construction ran from 1956 to about 1991, 35 years. Most of it was done in twenty years; the new right of way averaged about 300 feet in width, with about a third of that taken up by the road itself. The finished system is actually part of a larger system, now called the National Highway System (NHS) and about 90% of the population lives within 5 miles of a road in this larger system, which carries almost half of U.S. road traffic. 4 It includes many of the older national highways. It would be very interesting to know what fraction of the U.S. population (including in cities) lives within easy driving or bus distance-say 20 or 30 miles--of the IHS system itself. The only known statistic that might be important is that about 80% of cities over 50,000 population are connected by the IHS system. Or: over 40% of all counties in the U.S. have an interstate through them.
The Interstate Highway System remains the largest National public works project in our history. It is one model for what we might do in the future when we need more grand projects.
Not unlike the first transcontinental railroad, a lot of earth had to be moved, bridges built, and road surfaces built. The process this time was vastly different from earlier. The IHS system was originally 41,000 miles, more than 20 times the length of the first transcontinental. And the road was much wider than a simple line of rails; roadbed and median divider added up to a hundred feet of the three hundred feet of right of way. That was at least five times the transcontinental road width. By that measure, the system was a hundred or more times the scale of the first transcontinental.
It is popular to cite the vast number of cubic yards of earth moved, about equal to a conical pile of dirt two miles high. That was beyond simple manpower and tools; scaling up the workers from the railroad would give an estimate of about a million workers and a labor bill of maybe $30 billion per year in current dollars. The actual average number of construction workers was probably closer to a few tens of thousands, aided by machines this time.
Naturally, the machines used were big-the largest dump trucks, bulldozers, and tractors of the time. But the key machine was the scraper, which allowed workers to move dirt from near the construction site to the roadbed. A scraper can scrape dirt out of a nearby pit it creates, carry the dirt to the roadbed and distribute it evenly. It is even possible to load a scraper with dirt excavated from a hillside.5
On top of the excavated roadway went the roads themselves. There was a lot of cleverness here. The Association of State Highway Officials (AASHO) and the federal government for many years ran a test facility to determine the best roadway construction for different parts of the Nation. This decided just how the roads could be best built. It worked, although the aim was a modest twenty year road lifetime before major reconstruction would be needed. Alas, we are now well beyond the planned twenty year lifetime, which is why we hear so much about maintenance and reconstruction of our Interstate Highway System.
Roads and railroads are both expensive to maintain, the interstate system being particularly costly. Claims of road maintenance costs vary, because often the cost quoted is for “routine maintenance”, not including actually rebuilding roadways every twenty to thirty years. 6 Railroads are not cheap to maintain either (it is good to remember that present railroads mostly carry heavy freight, thus are costly to maintain, unlike roads that mainly carry lighter loads). 7 Probably a good enough guess is that maintenance, including rebuilding when needed, is 4%-6% per year of the original cost, updated to current dollars.
Putting these numbers in context for us, the total amount of road, not just IHS, assigned to my, and your, household would amount to about 40-60 meters (total road mileage divided by the number of households). The routine yearly maintenance road cost might be now around $1000 per year per household with about two cars per household. Including needed road rebuilding, often deferred too long, the correct cost could be twice this. It is really impossible to estimate what the maintenance cost will be in the future, towards 2100, when little or no diesel fuel will be available for construction machines. Either alternative power will have to be available for the machines, or maintenance will have to be done by hand.
With fewer vehicles later in this century--which seems likely--road maintenance costs would have to be spread over fewer vehicles and fewer households. So the per vehicle cost would be much greater than that thousand dollars per household.
Continuing a comparison, my own house is on a dead end road with no truck travel, except for snowplows. The present road was put in 50 years ago with very cheap resurfacing about every 10-15 years. It will likely not be rebuilt for a long time. For other roads with heavier use, maintenance of gravel roads would be cheaper than blacktop roads.
Much of the present cost of road maintenance is due to damage caused by truck and bus traffic, particularly heavy truck traffic. There are continuing disputes about just how much heavy trucks damage roads. The present limit on the IHS is 40 U.S. tons for a loaded semi trailer truck, about 25 times the weight of a car. Of course, not all trucks are at this limit. But if the “rule of thumb” that damage is proportional to the fourth power of the axle weight, trucks do much of our present road damage, and thus increase maintenance costs. But not all damage is due to trucks. I happen to live near a long road along the Mississippi with moderate auto traffic, on which heavy trucks are prohibited. This road was in very bad condition, and rebuilt, about thirty years ago and is now in moderately poor condition. The damage is almost certainly mostly due to severe winters; it may need to be rebuilt in ten to twenty years from now.
It is quite possible that roads could last 50 years or more, once heavy trucks are uneconomic and have mostly vanished due to the absence of fuel. This would surely reduce road maintenance a lot, perhaps enough to make roads viable in the long run. 8 But at present I do not think that anyone can say for sure that our present road system is viable out to 2100. Given that some form of individual automobiles are unlikely to disappear entirely, we may need to keep up at least some of the system in cities and suburbs. Whether it can remain serviceable out to 2100 for buses, which are heavy and damage roads as trucks do, is an unknown.
A major problem for the Nation will probably be what will become of our long distance roads during this century. Those roads depend almost entirely on the energy density of gasoline and diesel fuel, enabling individual travel those long distances. Remember, the energy density of batteries is at present about forty to eighty times less than fossil carbon fuels. 9 This will limit the usability of road vehicles.
Railroads do not really need machines run on diesel fuel for maintenance. An electrified rail system has a power source close at hand, in overhead electric lines. This would be the case for freight lines, heavy passenger rail, streetcars, and light interurban lines. The line power could be used for maintenance. It could even be used for operating snowplows on adjacent roads for automobiles. This is, in fact, how many city streets were plowed by streetcar snowplows a century ago. We may see this again.
Chapter 3-Recycling the Interstates
In thinking about the future of the interstates, we cannot know just how many personal automobiles we will have enough fuel for later in this century. By 2100, fossil carbon fuel powered personal cars will surely be very rare, if there are any at all. The number of autos and how it will change this century will depend on how our national access to oil develops; world oil production in 2050 is likely to be less than half what it is now (see the Rise and Fall book). Most of that world production will not be exported, so we may depend on our own supply, which will be very much less than it is now. Oil based fuels may be scarce and rationed, and not used for personal vehicles at all. It is very likely that we will also have some synthetic fuels for vehicles, but the amount will almost certainly be small as well. And it may also be reserved for a limited number of vehicles. The time for this to happen is not quite unknowable; by 2050 conventional gasoline powered automobiles will probably be history. The decline will start sometime in the 2020s.
This leaves us with speculation on the number and range of future individual electric autos, but there is almost no industrial infrastructure to produce ten of millions of them per year now, or probably in the 2020s either. And their range will remain short for a long time, limiting their utility and desirability. It is almost inconceivable that their number will ever be more than a modest fraction of the 250 million fossil fuel cars we have now. Long range automobile travel will decline a lot and maybe even vanish.
So what will become of our largest grand project of the last few decades, the Interstate Highway System? The eventual disappearance of heavy trucks, which will likely begin within a decade will much ease the road maintenance problem. But long distance travel by automobiles will decline as well, as gasoline becomes scarcer. And there will be less fuel for the large machines now used to maintain roads. So what to do?
One idea is to recycle the interstate system as a mainly rail system with a minor (or no) road component. 1 I want to go into this a bit more than I did in an earlier comment. Is it even possible to recycle the interstates as a mostly or entirely rail system?
When the interstate system was built, there was a much discussed limit to the clearance of bridges over the interstates. It was originally fourteen feet, later increased to sixteen feet, which is what most clearances are now. Why is this important if we want electric rail on the present interstate right of way? Railroad passenger cars are, after all, usually about fourteen feet from rail to the top of the car. Alas, electrified rail needs extra space above the cars for wires and the power pickup devices above the cars. So sixteen feet is not so much for passenger rail. 2 A recycled interstate with one rail line plus one remaining road lane plus a breakdown lane in each direction would probably be limited to light freight, if we choose a freight line. This is because of the very different interstate construction--thin pavement in desert states and thick in states with bad winters. This would limit the weight of rail cars if we do not want major reconstruction of the IHS. But the rail freight weights would probably be similar to what trucks now carry, so thin roads might not be a problem. If the rail roadbed is raised above the present pavement level for construction reasons, the trains themselves would have to be squished a bit in the vertical direction. 3 (I doubt that we want to rebuild all the bridges on the interstate!)
If we want to recycle the entire interstate width for rail (no automobiles at all) it might be possible to add a passenger rail line to the light freight rail line. There is almost certainly not enough space to allow very high speed rail--we might aim at something similar to present rail at maybe 100 miles per hour maximum. Extending this to two rail lines in each direction plus a lane for limited automobile traffic would mean reconstruction work.
What might make interstate high value light freight lines practical is what makes trucks bad for roads. Trucks are heavy for roads, but light compared to modern rail carriers. Loaded trucks are 40 tons or less. Modern heavy rail cars can easily reach 100 tons. So a light freight car on a recycled IHS weighing 20 tons empty or 40 tons loaded is not unreasonable. The number of light railcars needed is not even unreasonable. 4
One of the bad things about our interstate highway system is that it runs through cities, often in strips four or more lanes in each direction. If we want, this could become an advantage. Loading and unloading light freight rail could be done in cities near where the freight is to go. If freight packaging were modular, the resulting freight could be then carried on light trucks to destinations in cities. Any needed large railyards could be kept outside the cities (which is common in Europe now). Some cleverness in loading and unloading design will be needed, but hardly anything extreme. You can imagine it yourself.
This would also work well for passenger rail stations--they could be inside cities at useful locations on the existing inner city interstate.
All of this could be extended to the larger National Highway System, the problem being just how important individual automobile travel will turn out to be compared to freight and passenger rail. A big advantage of such a recycling, even if it incorporates a small road system, is that electric power for rail and road maintenance will be at hand in the form of overhead electric lines for the rail component.
Why discuss this in detail--detail that will certainly change drastically if such a recycling takes place at all? The reason is simply to show that the idea is not crazy. We might need new rail installation methods, new railcars, but nothing that we cannot imagine doing if the Nation wants it. After all, we built the Interstate Highway System in the first place. Recycling it for a new era is not unimaginable.
Chapter 4--Lessons for the Future
Thinking about these two past grand projects, we can see that a new era with new grand projects is not really so new in some ways. But it is worth remembering how those older projects were conceived and carried out. None of the technology involved was really new. Railroads dated to the 1830’s and macadam roads to the same era. What was new was the scale of the projects and the social, political and financial organization they needed. They could not have been successful if it were not for the fact that the technology (I prefer to think: the engineering) was old and well understood at the time the projects were carried out. This is certainly a lesson for the future. When faced with a gigantic effort, it is essential that everything that goes into it is well understood and tested. And costs need to be reasonably well understood. The IHS cost more than expected, but the excess was not outlandish.
We live in an era when technology is seen as a kind of magic. Even sixty years ago, nobody was so foolish. The IHS project required building the largest earth moving equipment of the time. But every piece was just bigger than before-not different in concept or engineering. I mentioned the gigantic scrapers of the IHS earlier for a reason. The modern scraper had ancestors, the most famous being the “Fresno Scraper”, but the modern one was developed, as mentioned earlier, by LeTourneau in the 1930’s, long before the IHS construction began. The same ancestry can be seen for other earth moving equipment and road engineering in the IHS. The “bulldozer” was an old name that is still used. But it was originally simply a dirt pusher blade attached to a long pole ahead of the horses or oxen that powered it.
The same is true of the first transcontinental railroad. None of the locomotives or cars were “new technology”. They were old and fueled by wood. Rails were cast iron, not steel. (Steel rails replaced them later.) The cross ties were wood and only today, very much later, concrete. Earth moving was advanced over what was available to the Roman road engineers, but not by much. What was new was organizing tens of thousands of workers, the flow of financing and the surveying and engineering expertise gained over the early part of the nineteenth century.
It is remarkable that even more than twenty years after the first transcontinental, similar construction methods were still in use. The Great Northern Railroad, the last nineteenth century transcontinental, reached Seattle in 1893. 1
We will soon need to develop our own grand projects--energy sources beyond fossil carbon. It is all too easy to think that we need to aggressively employ technologies that exist now only in the imagination or on a small scale in a university laboratory. This has probably never been the case for any peacetime effort that was carried out of a vast scale, from the aqueducts of the ancient world to the transcontinental railroads to the interstate highway system. Our own past wars have shown the same conservative employment of technology. The Civil War depended on railroads, not at all new at the time. The Second World War used vast numbers of ground and sea vehicles and aircraft--again not new. New technologies that were in nascent form at the beginning of WWII often only appeared near the end, and were mostly not decisive. 2
So the lesson of history for these successful big projects is: stick with what you know well, just employ it on a big scale.
Introduction
1. There are excellent books on our American railroads and roads. I have used several as background for this and some following chapters. The broadest recent book on railroads is Christian Wolmar, The Great Railroad Revolution, Public Affairs, 2013 and a valuable view is Richard White, Railroaded: The Transcontinentals and the Making of Modern America, W. W. Norton and Company, 2011. Most books are little interested in engineering, but one very good one by a practicing engineer is John Debo Galloway, The First Transcontinental Railroad, Simmons-Boardman, 1950
The book I found most useful on roads is the popular book by Tom Lewis, Divided Highways, Viking Penguin, 1997. There are many more, of course. Another, with some more on engineering, is Earl Swift, The Big Roads, Houghton Mifflin Harcourt, 2011.
2. For road background, See Divided Highways ; it covers both the background of our road system and the Interstate Highway System.
3. For some good maps of the railroad system at the start of the Civil War, see http://railroads.unl.edu/maps/ and the related book by William G Thomas, The Iron Way: The Civil War and the Making of Modern America, Yale 2011.
4. Of course, there is a Wikipedia entry on the First Transcontinental.
Chapter 1-The First Transcontinental
1. The railroad scandal of the first transcontinental, probably as important as the project’s technical realization, is dealt with by Richard White. It was a privately financed enterprise backed by congressional giveaways and was not the last time this was tried. But we will see that the Interstate Highways System did not follow this flawed model.
2. The Bureau of Land Management has a map shown here (blm.gov)
3. The scale of the first transcontinental construction can be compared to today. Our modern giant, mostly automated, track laying machines can install about 1.5 miles of heavy track in an 8 hour period on an already prepared roadbed. The machines seem to require about 5-10 workers. It is amusing that the record on the first transcontinental was 10 miles of rail laid from dawn to dusk, by “eight large irishmen”. But it was a bit of a cheat, since not only was the roadbed prepared, but the ties had been laid down in advance. The president of the Union Pacific lost a $10,000 bet on this feat. Of course, this job was on flat ground and the roadbed preparation needed plenty of laborers, not counted.
4. The transcontinental railroads were a tremendous achievement for European Americans, less so for the Native Americans to whom the land belonged. They tried to stop construction when they could, but failed. Modern guerrilla warfare was unknown to them.
5. It is customary to multiply costs in 1870 by a factor 30 to get a current cost. Workers were paid roughly $2-$3 per day, so a factor closer to 40 might be better, not accounting for hours worked per day. The total “cost”, including extractions or “fraud overhead” by the principals, would amount to somewhere under a half trillion dollars today. There is little point to a more accurate number here because the numbers in the text are not at all unrealistic and may be low. I did find a cost per mile for the somewhat later Great Northern railroad, which was privately financed without land grants and also without fraud on the scale of the first transcontinental. It cost $83,000 per mile, compared to the higher of the two numbers in the text, $75000 per mile. (The construction quality was likely much higher than for the first transcontinental.) The Great Northern cost would be well over $2 Million per mile today, a frequently quoted number for new rail construction.
6. On financing the civil war, a much bigger effort than a transcontinental railroad, see Margaret Myers, A Financial History of the United States, Columbia University Press, 1970.
7. This is all explained in the first chapter of Richard White, Railroaded, W. W. Norton, 2011.
8. The following map is from the U.S. Department of Transportation:
9. Using the present yearly railroad diesel consumption from rita.dot.gov and converting it to an equivalent average electric power consumption (discounting the thermodynamic and engineering inefficiency of diesel compared to electric power) gives about 3.8 gigawatts. Compare this to the present 400 gigawatts average delivered electric power in the U.S--it is less than 1%! Clearly, this is a minor part of our present electric power consumption. A much expanded rail freight network would still be a minor electric power demand.
10. It is easy to find the percent of GDP spent on military expenditures during the “cold war”. It varied between 4% and 8% of GDP after 1970; it was above 10% during the Korean and Vietnam wars. Much expenditure was on equipment that was ultimately scrapped or on expenditures abroad, not at home. By contrast, any new national infrastructure would be permanent and would contribute in a lasting way to the economy. So using this 4%-8% (or roughly 5%) of GDP as an estimate of how much the U.S. could spend on a new infrastructure is apt. I suspect that when all the new post fossil carbon infrastructure costs--not just railroads-are added up it could approach the cost of the “cold war”. But it would be a lot more exciting.
11. I mentioned the way we paid for our Civil War for a reason. That war was financed by a mix of printing “greenbacks” and issuing bonds. That model could be followed as well for future infrastructure, by a combination of money creation and government bonds.
Chapter 2-Interstate Highways
1. The growth in automobiles per 1000 population was pretty close to exponential up to 1930, when the number stalled due to the depression. It then continued to rise after WW II, reaching 0.8 registered automobiles per head of population now, or about 250 Million. In 1925 the number was about 0.15 per head of population or about 0.6 per household--half of households had an automobile. The rapid growth drove the highway boom, most of it after WW I. The following plot is from the remarkable Transportation Energy Data Book from the Oak Ridge National Laboratory, info.onrl.gov:
The first U.S. law on federal and state roads dates from 1916, but the law of 1921 is the beginning of the modern interregional road system.
2. The figures of gravel road construction costs are from Minnesota, 1925-26.
3. The report “Interregional Highways” (you can find it on the Web) was largely the work of Thomas MacDonald, who headed the U.S. effort for 35 years, starting in 1919. We owe MacDonald the plan for the 1920’s system of roads. It is the predecessor to the IHS and covered most of the Nation:
4. The National Highway System includes the Interstate Highway System and amounts to 164,000 miles. (The total U.S. highway system is huge, millions of miles.) See the map below for the IHS itself (from Wikipedia). This map is very close to the map in the 1944 report. Already in 1944 the plan was to have a highway system that ran in the cities, rather than just connecting them. The decision to have the IHS run through the cities was contained in the famous (or maybe infamous) “Yellow Book”, also available on the Web, which was important in getting Congress to approve the system. Few at the time realized the impact that inner city freeways would have or the future opposition to many of them. Alternative road systems in cities, separate from the IHS, seems never to have been considered.
5. Modern “Scrapers” are vital to large roadwork. They must be a very old invention. The first horse drawn ones looked a lot like a plow with the blade replaced by a wooden tray, edged with iron, to scrape up dirt. Eventually, they got wheels. But the key later invention was the “Fresno Scraper” of iron. It could scrape up dirt and transport it and then release the dirt in a controlled way. You could make a road, a ditch, a dam or excavate a cellar with one and a team of horses. This scraper is the ancestor of the modern gigantic yellow LeTourneau or Caterpillar scrapers you see at many sites where major earth moving is needed. I like to think that these giant machines are the technological children of the common scraper which is a child of the plow which is the child of….the ancient digging stick used for millennia to dig up tubers. Technology seldom leaps, it usually walks, and walks slowly.
6. I have found routine yearly road maintenance costs of $35,000-$50,000 per mile of normal road, which presumably includes two lanes of travel. For the much more expensive full 20 year maintenance of the IHS I have found yearly numbers of about $100,000 per lane mile per year or $400,000 per mile of the mostly four lane system. (This is presumably the full system, including infrastructure such as bridges.) This would amount to about 7% per year of the original cost for complete maintenance.
7. Railroad maintenance is split up by the Association of American Railroads; the quoted maintenance expense is about $60,000 per mile, presumably per track mile. It is not clear if this includes needed reconstruction costs due to aging of the road.
8. There is an interesting website, pavementinteractive.org, on road pavements. There is even a picture there of a remote road built in 1919 that is still serviceable, if not pretty.
9. Battery technology does improve, but an energy density more than twice or four times present lithium batteries will surely take a long time, if it happens at all. And that will not be enough. Fuel cells are a possible future replacement, but they depend on the fuel--probably hydrogen or methanol, a fossil carbon fuel. Neither will be quick to implement. And replacing 250 Million fossil fuel automobiles in a few decades seems a hopeless task, not being certain of the technology that a new generation of automobiles will need. The probable fate of long distance roads may be to die or be recycled somehow.
Chapter 3-Recycling the Interstates
1. The idea of recycling the interstates was first suggested to me by Matt Walsh; I have not seen this discussed elsewhere.
2. If an electrified rail system is to be run on the interstate system in place of automobiles, the sixteen foot clearance from roadway to the bottom of bridges of sixteen feet is a real limitation. If a rail car is fourteen feet high (from the rail), about an extra two feet is needed for the electrical system. The entire space needed for an electric rail system can be found and it unsurprisingly varies. There is a 1977 document from the UK called “The Electrification Blue Book” That gives a minimum height of 4780 millimeters from the rail to the bottom of a structure (the “structure gauge”). This is 15.7 feet, just barely enough for our 16 foot bridge clearance (if the rails are at the present road level). In German, this distance is the vertical “Lichtraumprofil” which is 4800 millimeters, almost the same. The corresponding width is about the same 16 feet. So if we think of a square sixteen feet on a side, a modern electric railroad would just barely fit, using standard modern clearances. Maybe we could even make skinnier railcars, saving horizontal space on the interstates.
3. Wikipedia has a very interesting article on novel rail construction. Some innovation might make laying track on the interstates much more practical, and even automated, compared to present heavy rail construction.
4. The trucking industry claims that there are now 3 million heavy trucks in the U.S. There are maybe 1.5 million freight rail cars of all types, according to usitc.gov. Not all trucks are on the interstate at any one time. (Admittedly, if we put them all on the interstate at any one time they would use up much of it.) Mostly heavy trucks clog up city streets and other roads. Replacing trucks with light freight rail is unlikely to impede a future interstate rail system.
Chapter 4-Lessons for the Future
1. See Ralph Hidy et al, “The Great Northern Railway”, University of Minnesota Press, 1988. On page 86 you will see a photograph of a number of horse drawn scrapers, possibly the same design as used on the first transcontinental decades earlier.
2. The exception was, of course, the fission bombs that went from the first working nuclear pile to a bomb in only three years. Mass production of the devices was several years away from their first use. The project cost about 1% of the U.S. cost of WWII and involved over 100,000 workers at peak. It was, for the most part, an industrial deployment of known gaseous diffusion technology. (It was clear from the start that the resulting uranium bomb would work, given enough of the fissionable isotope.) See the very interesting http://blog.nuclearsecrecy.com. The most valuable physics source remains Serber’s lectures “How to Build an Atomic Bomb” from the very start of the Los Alamos work; it can be found on the Web. Even the Manhattan project was largely an industrial effort.
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