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1 Introduction

We pose the problem of managing the interstate as a conventional optimal capital stock

problem. This leads to a definition of user cost as the charge per interstate vehicle mile

travelled that rationalizes observed investments in lane miles and pavement quality. In the

steady state, this user cost consists of three main terms: the opportunity cost of lane miles,

the opportunity cost of pavement quality, and depreciation. These terms depend on the

price of lane miles and the price of pavement quality, together with quantities that are

more readily observed. We estimate these prices using administrative data describing the

interstate highway system and detailed expenditure data. We use these estimates to evaluate

the evolution of the user cost of the interstate over our study period (1992-2008).

We find that the opportunity cost of lane miles is by far the largest component of user

costs. By the end of our sample period, the estimated price of a new lane mile is about

50m 2010USD and the price to repair the approximately 40 inches of roughness required

to restore an average lane mile to new condition is less than 100,000 dollars. A 2% rate of

return on these investments is 1m and 2000 dollars per year respectively. The price to repair

one year’s worth of deterioration for an average lane mile is only about 10,000 2010USD.

Thus, the opportunity cost of lane miles exceeds that of pavement quality and depreciation

by about two orders of magnitude.

Over our main 1992 to 2008 study period, the cost of constructing new lane miles increases

by about a factor of 2.4 and the cost of improving pavement quality increases by about a

factor of 2.0. During this same period, the risk-free rate of return to capital fell from

about 4% to about 1% and vehicle miles travelled about doubled. These changes more

than offset the increase in the price of lane miles and pavement quality, and, as a result,

the user cost per vehicle mile travelled fell by about half. This suggests that the US did

not experience a rise in infrastructure cost for the interstate during our study period, but

that a different macroeconomic environment could easily have led to a different outcome.

Our results demonstrate that the cost of capital is central to any assessment of trends in

infrastructure costs.

Increases in input prices appear to be almost entirely responsible for the increase in the

price of pavement quality. However, we can find no explanation for the increase in the price

of new lane miles. The data suggest that a shift to more urban construction, changes in

exposure to union labor, and changes in exposure to environmentally sensitive areas are not

to blame. Because price increases are correlated with pavement characteristics, our results
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suggest that the price increase may be related to some hard to observe change in construction

technique.

These results are of interest for three reasons. First, extrapolating from high-profile

and over-budget projects, there has been speculation that US productivity in infrastructure

construction has been stagnant or declining over the past generation.1 We inform this

discussion by providing a framework for thinking about which price of infrastructure is

important and why. For the interstate, the main component of cost is the opportunity cost

of the capital used for new lane miles. The price of new lane miles is important because it

affects the value of the capital stock. In addition, our finding that the increasing price of

pavement quality can be explained by input prices while the increasing price of new lane

miles cannot, refines our understanding of construction productivity. There is cause to be

concerned about the productivity of US infrastructure construction, but this concern does

not extend to all aspects of the process.

Second, although an extensive literature in urban and trade economics (e.g., Allen &

Arkolakis (2014); Duranton & Turner (2012); Donaldson (2018)) investigates the benefits of

transportation networks, there is less systematic evidence on the cost of maintaining existing

and building new infrastructure. Evaluating increases in transportation investment, assessing

the productivity of US infrastructure construction, and performing cost-benefit analyses of

transportation infrastructure all rely on an understanding of the costs of this infrastructure.

We improve our understanding of these costs in four ways. First, our analysis of resurfacing

and pavement quality is nearly unique. Second, we provide more recent estimates of the cost

of lane miles than the previous literature. Third, we provide annual estimates of the cost

of the interstate system and of the prices of its different components. Lastly, we develop a

theoretical framework for assessing infrastructure cost for a long-lived asset like the interstate

highway system.

Third, despite falling over our study period, our theoretically founded measure of user

costs is an order of magnitude higher than the user cost implied by the federal gas tax.

The existing gas tax is set so that the resulting revenue is the same order of magnitude as

annual expenditures on the network, and these are an order of magnitude smaller than the

opportunity cost of the accumulated investment in lane miles. At the 2008 price of new lane

miles and interest rate, the opportunity cost of interstate lane miles was about 123b 2010

1Recent examples of exorbitantly expensive and delayed transportation infrastructure abound: the Boston
Central Artery/Tunnel Project (“Big Dig”), New York City’s Second Avenue Subway, San Francisco-Oakland
Bay Bridge replacement, Seattle’s Alaskan Way viaduct replacement, Maryland/Washington DC Purple Line
project, etc.
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USD per year. Under current policy, almost this entire amount provides an implicit subsidy

for users of the interstate highway system. While our analysis does not extend to welfare

analysis nor to public finance, these calculations suggest that our results have important

implications for both.

2 Literature

Lewis (1982) and Bennett et al. (2019) calculate running totals of the expenditure on the

interstate highway system. Brooks & Liscow (2020) estimates a regression similar to our

construction cost regression. They find that the cost of a mile of new interstate increased by

about a factor of four between 1970 and 1993, and that neither proximity to wetlands nor

population density explains this trend. Rather, trends in the price of housing near interstates

explain the trend in the price of interstate construction. On the basis of this finding and some

supplementary evidence, they argue that the increase in highway construction costs reflects

increased citizen participation in the planning process, a hypothesis they call ‘citizen’s voice’.

Appendix A provides a more detailed comparison of the data underlying the two papers. Our

paper differs from Brooks & Liscow (2020) in three important ways. We study a more recent

period. We develop an empirically useful theoretical framework for thinking about capital

cost. Finally, we measure pavement quality and the price of resurfacing (which is now roughly

40% of annual expenditure) as well as network extent.

Both Allen & Arkolakis (2014) and Duranton & Turner (2012) are primarily interested in

the benefits of the interstate system but provide basic estimates of its costs as well. On the

basis of a 1982 estimate of 590 billion usd2010 of total construction cost in Lewis (1982), and

69 billion of annual maintenance, Allen & Arkolakis (2014) estimate that the total annual

cost of the interstate system is about 106 billion usd2010 per year. From figure 1 (a), the

extent of the network in 1982 was about 170,000 lane-miles. Dividing, we have a total annual

cost per lane-mile of about 0.62 million. On the basis of 2006 construction cost estimates

reported in Ng & Small (2012), Duranton & Turner (2012) conclude that construction costs

are between 27 and 89 million usd2007 per mile. Using an estimate of maintenance costs

similar to that of Allen & Arkolakis (2014) and annualizing construction costs (also with a

5% interest rate), Duranton & Turner (2012) estimate total annual costs per lane-mile of

between 2.1 and 5.5 million usd2010 per lane-mile.

In table 5 we estimate a user cost of about 0.19 2010USD per vehicle mile travelled (vmt)

in 2007. From table B5 we calculate that an average lane mile of interstate served about 3.37
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million vehicles per year, and hence 3.37 million vmt. Multiplying, our estimates suggest a

cost per lane mile of 0.19 × 3.37 = 0.64m 2010USD for an average lane mile. This is much

smaller than Duranton and Turner and almost perfectly coincides with Allen and Arkolakis.

This conclusion requires two caveats. First, Duranton and Turner restrict attention to the

urban interstates, while we are reporting on an average interstate lane mile. It is well known

that urban highways are more expensive. Second, Allen and Arkolakis use an interest rate

of 5% in their estimate, while our estimate is based on the about 1.4% risk free rate that

prevailed in 2007. Re-evaluating our cost estimate our cost estimate with a 5% interest rate

would increase it by about a factor of three, much larger than Allen and Arkolakis and close

to the Duranton and Turner estimate for urban highways.

Our attention to pavement quality and resurfacing is nearly unique. Small & Winston

(1988) develop and calibrate a model of optimal pavement thickness for roads subject to

periodic resurfacing. Their results are noteworthy for two reasons. First, they rely on an

older, subjective measure of pavement quality (Present Serviceability Rating) that predates

the more modern and quantitative ‘International Roughness Index’ around which our analysis

revolves. Second, they provide the only other evidence on the cost of resurfacing that we

have seen, at 200,000 usd2010 per lane-mile for urban interstates.2 This is considerably

higher than our estimates, which range from about 40,000 usd2010 per lane-mile in 1992 to

about 75,000 usd2010 in 2008 for an average (not urban) lane-mile.

Finally, Smith et al. (1997) and Smith et al. (1999) investigate factors that affect highway

construction costs. Smith et al. (1997) is based on a 1996 survey of state transportation de-

partments. This survey asked respondents to evaluate the effect that various types of federal

regulation had on the costs of highway construction. These surveys suggest that wetlands,

historic sites, endangered species and hazardous waste sites were all associated with higher

costs. Smith et al. (1999) assembles highway statistics data from 1990-4 describing con-

struction expenditure and lane-miles of public roads (not just interstates). Using a research

design similar to our construction regression and Brooks & Liscow (2020), they investigate

how expenditure responds to the count of endangered species in the state-year, to the number

of environmental impact statements performed in the state-year, to the number of superfund

candidate sites in the state and to the count of national historic register places in the state.

They find suggestive evidence that environmental regulation drove up construction costs.3

2Small & Winston (1988) find that the cost to resurface a lane-mile is 113,000 usd1984 per lane-mile for
urban roads, converting to 2010usd using the ppiaco, gives 200,000.

3For clarity, we note that Smith et al. (1999) rely on highway statistics table sf12 to measure construction
costs. As we discuss below, this table aggregates the sf12a data that we rely on to measure separately
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Our analysis of the user cost of the interstate is organized around an optimal capital

stock problem. This exercise seems to have few precedents, although Keeler & Small (1977)

resembles it conceptually. Keeler & Small (1977) calibrate a theoretical model developed

by Mohring (1970) to estimate the optimal level of highway provision in a fully dynamic

model. Keeler & Small (1977) is more general than our model in that it more completely

specifies the value of the highway network. On the other hand, it provides estimates of

construction and maintenance costs on the basis of nine California counties between 1947

and 1972, whereas we use more complete national data from 1984 until 2008 and distinguish

between new construction, resurfacing and other maintenance.

3 Usage, depreciation and investment

Figure 1 describes trends in the evolution of investment, usage and depreciation of the

interstate highway system over our study period. These are the basic trends that will inform

our analysis. In panel (a), we see that the interstate consisted of about 185,000 lane-miles

in 1984 and that this increased to about 210,000 by 2008, primarily by the addition of new

expansion lanes to the existing network.

Panel (b) reports the lane-mile weighted average of the International Roughness Index

(iri) for the whole interstate highway network. iri is the Federal Highway Administration’s

(fha) primary measure of pavement quality and is defined as the number of inches of sus-

pension travel a typical vehicle would experience while traveling one mile along this road.

(Federal Highway Administration, 2016). A newly resurfaced interstate segment rarely has

an iri below 50, and the fha considers roads to be in good, acceptable, or poor condition as

their iri is below 95, between 95 and 170, or above 170 inches (US Department of Trans-

portation, 2013). Mean iri declines from about 110 inches per mile to about 85 inches per

mile between 1992 and 2008. The surface quality of the interstate system has improved over

time, from just above the good-acceptable threshold to just below.

Figure 1 (c) shows annual expenditure on the interstate system by year, across the three

classes of expenditure, new construction, resurfacing and maintenance. The height of the

bottom region indicates expenditure on construction in billions of 2010usd. The intermediate

region indicates expenditure on resurfacing and the upper region indicates expenditure on

maintenance. The upper envelope of the figure indicates total expenditure.4 Between 1984

construction and resurfacing expenditures.
4Between 1998 and 2008, our data (not shown) report expenditure on right of way separately. During
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Figure 1: Trends in the state of the interstate highway system
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Note: (a) Total interstate lane-miles by year (’000 miles). (b) Lane mile weighted iri for
the whole interstate by year, (inches per mile). (c) Total interstate expenditure by year
and category. Dark gray is construction, medium gray is resurfacing, light gray is
maintenance (109 2010usd). (d) Lane mile weighted aadt for the whole interstate by year
(vehicles/day). (a), (b) and the solid line in (d) are based on the hpms Universe Data. The
dashed line in figure (d) is based on the hpms Sample Data. (c) is based on Highway
Statistics.

and 2008, total annual expenditure increases from 10.2 billion to 18.9 billion, expenditure on

construction increases more slowly than does expenditure on resurfacing, and maintenance

expenditure is about constant. In 2008, expenditures on maintenance, resurfacing and new

construction were 3.8, 8.6, and 6.5 billion. This is 20%, 46%, and 34%, respectively.

Panel (d) of figure 1 reports the lane-mile weighted mean of Average Annual Daily Traffic

(aadt). aadt is a count of vehicles traversing a segment on an average day during the year

and it is a common measure of how much service a segment provides. Lane mile weighted

this period, right of way expenditures are only 10-15% of construction expenditures and do not show an
obvious trend.
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mean aadt increased from about 5200 vehicles per day in 1984, to nearly 9000 vehicles per

day in 2008.

Two observations highlight the difficulty of interpreting these trends. The data in panels

(a) and (d) allow us to calculate total vmt. Together with the data in panel (c), we calculate

that total expenditure per vehicle mile travelled fell from 2.9 cents in 1984 to 2.6 cents in

2008, while the network expanded and its condition improved. On the other hand, estimates

below show that the price to construct a lane-mile of interstate or to reduce its iri both

rose rapidly during this period. The first observation suggests a decline in the cost of the

interstate, while the second suggest an increase. This highlights the need for a theoretically

founded definition of “the cost of the interstate” of the sort that we develop in the next

section.

4 The interstate as an asset

We apply conventional asset valuation techniques to the interstate highway system and

characterize the investment behavior of an optimizing highway manager. This leads to a

precise definition of “the cost of the interstate” as “the user cost per vehicle mile travelled

that rationalizes the observed path of investment.”

Stating this optimization problem requires comparing the stream of value generated by

the interstate highway system to the corresponding stream of costs. It is straightforward

to develop a stylized description of the investment and depreciation processes on the basis

of our data and the engineering literature. Describing the value of the interstate is more

difficult: this question is the subject of an active literature and much uncertainty remains

about the benefits that derive from the interstate system and about how these benefits are

related to the extent and condition of the system. Given this, we base our analysis on a

minimally restrictive description of the relationship between lane miles, pavement quality,

and ‘value’. Together with our description of the investment and depreciation process, this

allows us derive the user cost per vehicle mile travelled that rationalizes the observed patterns

of investment and travel for an optimizing highway planner. We show that this user cost can

be stated in terms of observable quantities and, therefore, can be evaluated empirically. Our

empirical work revolves primarily around measuring these quantities and the prices relevant

to the investment process in particular.

To begin, let t index years and Lt the lane miles of interstate in year t. Investment in

lane miles, denominated in real units, is It and has price pLt . Thus, expenditure on lane miles
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in year t is pLt It. Average IRI in year t is qt. Investment in IRI, ıqt , also in real terms, causes

a reduction in IRI and comes at price pqt . Because IRI is a system average, total expenditure

on IRI in year t is pqt ı
q
tLt. Let vt be vehicle miles travelled. Demand for vt depends on

pavement quality and system length according to vt = v(q−1t , Lt). Because pavement quality

is decreasing in IRI, we rely on q−1t as our measure of pavement quality. We discuss the

properties of v below.

We can now describe the law of motion for lane miles and IRI. Consistent with observa-

tion, we suppose that, once built, a lane-mile of interstate does not ever leave the system.

Thus the equation of motion for lane miles is,

Lt+1 = Lt + ILt .

Because pavement degrades with use, the behavior of IRI is more complicated. We posit

that roughness increases proportionally to average annual daily traffic, vt/Lt, at rate κ.

Thus, we have:

qt+1 = qt + κv(q−1t , Lt)L
−1
t − ı

q
t .

In words, IRI at year t+ 1 is IRI at year t, plus increased roughness resulting from use less

investment in smoothness.

We rely on the engineering literature to calculate the depreciation rate κ. For this pur-

pose, let q0 denote iri immediately following a resurfacing event and let qf denote a terminal

iri immediately prior to resurfacing. A section of highway is engineered to withstand K

standardized loadings. Following the engineering literature, denominate these loadings as

‘equivalent standard axle loads (esals), each of which reflects the passage of a typical tractor

trailer rig or 2000 passenger cars. Thus, κ ≡ γ
qf−q0
K

is a scalar that describes the relation-

ship between aadt and inches of roughness in two steps: γ relates aadt to esals and
qf−q0
K

relates esals to changes in iri. This description of the depreciation process is broadly con-

sistent with the more detailed depreciation functions reported in Small & Winston (1988)

and Mannering et al. (2007), with two caveats. First, the engineering literature relies on

more complicated functions in order to allow the marginal damage of a loading to vary with

current road condition and pavement attributes. Second, because damage is sensitive to axle

weight, the engineering literature typically considers several classes of users (e.g. combina-

tion trucks, single-axle trucks), while we aggregate to a single class. We further discuss κ in

Section 9.

We now turn to describing the stream of value produced by the interstate. We first
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assume that v is constant returns to scale in lane miles and pavement quality (inverse IRI)

and increasing in both its arguments. In general we require no further assumptions on v.

However, for some of our calibration exercises, we assume that v takes the form:

v
(
q−1t , Lt

)
= At

(
q−1t
)α
L1−α
t . (4.1)

Here, the parameter At is a scaling parameter to map iri and lane-miles into vmt. To

facilitate calibration, At is time varying. The parameter α < 1 determines the relative

importance of pavement condition and lane-miles in the demand for vmt.

To justify our assumption of constant returns to scale, we appeal to the finding in Couture

et al. (2018) that the speed of travel in a city is close to constant returns to scale in lane

miles and travel time.5 The finding in Duranton & Turner (2011) is also relevant. Duranton

& Turner (2011) find that total vmt in a city is approximately proportional to lane miles;

together with our assumption that v is constant returns to scale, this requires that travel

not be very responsive to pavement quality. In the context of (4.1), this requires that α is

small and so that 1− α is close to one. This is consistent with our prior that travel should

be much less responsive to pavement quality than lane miles.

We next assume that the highway manager collects a user fee τt per interstate vehicle

mile travelled. It follows that the planner’s per period payoff, πt, is:

πt = τtv(q−1t , Lt)− pLt ILt − p
q
t ı
q
tLt.

In words, this is value generated from vehicle miles travelled less expenditure on pavement

quality and new lane miles.

That the flow value of the interstate is linear in vmt is our second main assumption. This

assumption can be justified in two ways. First, the interstate highway system is substantially

funded by the federal gas tax. Practically, this is close to a user charge per vehicle mile

travelled. Thus, gas tax revenue available to finance the interstate highway system is, in

reality, approximately linear in vmt (we discuss the gas tax in more detail later).6 Second,

we can regard the user fee per vmt as the marginal social value of travel. In this case,

‘revenue’ is the marginal social value of travel times the amount of travel and our assumption

that revenue is linear in vmt should be understood as a local approximation of the social

5Precisely, Couture et al. (2018) estimate that the average speed of travel declines by 15% when the
resources devoted to travel double.

6That the demand for vmt does not vary with the user fee is consistent with the result in (Hughes et al.,
2008) that the gas price elasticity of vehicle miles travelled is near zero.
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benefit of interstate travel. We regard this second interpretation as more consistent with the

spirit of our inquiry. Our analysis offers a way to calculate the social benefits per vmt that

is required to justify the observed level of expenditure, subject to the assumptions that the

benefits of the network are linear in vmt and that vmt is constant returns to scale in lane

miles and pavement quality.

Letting r denote the real interest rate, we can state the highway manager’s optimization

problem as,

V (L0, q0) = max
ILt ,ı

q
t

∞∑
t=0

πt

(1 + r)t
(4.2)

subject to πt = τtv(q−1t , Lt)− pLt ILt − p
q
t ı
q
tLt

Lt+1 = Lt + ILt

qt+1 = qt + κv(q−1t , Lt)L
−1
t − ı

q
t .

Standard Euler equations determine the optimal paths for pavement quality qt and lane

miles Lt taking as given the price of investment, the interest rate, and the vmt user fee,

pLt =
1

1 + r

(
τt+1vL + pLt+1 − p

q
t+1(qt+1 − qt+2)− pqt+1κvL

)
(4.3)

pqtLt =
1

1 + r

(
τvqq

−2
t+1 + pqt+1Lt+1 − pqt+1κvqq

−2
t+1

)
. (4.4)

Equation (4.3) states that the highway manager’s profit maximizing investment in lane-miles

ensures that marginal cost pLt equals marginal revenue. Marginal revenue is the sum of the

discounted value of four objects: increased revenue from added vehicle miles travelled; the

replacement value of a lane-mile pLt+1; minus the cost of pavement depreciation from increased

aadt, pqt+1κvL; and finally, minus the price of iri for further anticipated improvements in

average pavement quality, pqt+1 (qt+1 − qt+2).

Equation (4.4) states that the optimal investment in iri (paying to reduce qt+1) equates

the total price of an additional unit of system wide iri to the discounted value of resulting

incremental revenues and the replacement value of an additional unit of iri net of induced

demand due to greater use.

These Euler equations can be generalized to allow for time-varying rates of return and

depreciation rates by adding time subscripts to r and κ. To account for regular maintenance

expenditures such as traffic management, snow removal, and minor physical improvements,

assume that the highway manager receives revenue minus maintenance. This involves replac-
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ing revenue per vehicle mile, τt, with revenue per vehicle mile net of maintenance per mile.

In our calibration exercise, we denote maintenance expenditure per vehicle mile travelled as

mt and make exactly this substitution.

Solving the two Euler conditions for τ , we get:

τt+1 = v−1L
[
(1 + r)pLt − pLt+1 + pqt+1(qt+1 − qt+2 + κvL)

]
(4.5)

τt+1 =
(
vqq
−2
t+1

)−1 [
pqt+1(vqq

−2
t+1 − Lt+1) + (1 + r)pqtLt

]
. (4.6)

Because (4.5) derives from a first order condition taken with respect to Lt, the right hand

side of this equation describes the return to investment in lane-miles that is required if the

Euler equation (4.3) is to hold. Similarly, (4.6) derives from a first order condition taken

with respect to qt, so the right hand side of this equation describes the required return to

investment in iri. Therefore, this reformulation accomplishes the primary goal of this model.

It provides an expression for the user fee per mile that rationalizes a given path of investment

in lane-miles and iri, for given paths of prices, usage, and the interest rate.

By construction, equations (4.5) and (4.6) allow for the possibility of intertemporal arbi-

trage. This is revealed in equations (4.5) and (4.6) by the negative sign on future prices on

the right hand side. When the price of an asset is rising, here either iri or lane-miles, the cost

of holding the asset falls. More generally, with rising prices and usage, and falling interest

rates, an optimizing planner invests in ‘over-capacity’ in the current period to supply future

users. This is an obviously interesting part of the problem of highway provision, but it raises

two problems. First, it means that our definition of the “cost of the interstate” as a user

cost reflects both current and future prices. Because future prices are difficult to observe,

this is an obstacle to estimation. Second, in an environment where we are concerned that

prices are rising because of systematic mismanagement by the highway authority, a definition

that allows an upward trend in the prices of iri and lane-miles to reduce user costs seems

perverse.

The fact that our planner’s problem results in two equations for τ means that we have not

arrived at a well-defined notion of user cost. We expect that any effort to evaluate equations

(4.5) and (4.6) will lead to two different values of τ . Hence, equations (4.5) and (4.6) do not

finish the task of defining “the cost of the interstate”.

In order to abstract from the issue of intertemporal arbitrage and to arrive at a unique

definition of user cost, we consider the steady state problem. By construction, there is no

possibility of inter-temporal arbitrage in a steady state, and so this measure of ‘the cost of
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the interstate’ abstracts from this behavior. Informally, this measure is the long run user

cost of the interstate system if we could freeze prices and usage at the current level. This

also results in a unique measure of user costs.

In a steady state, the optimal choice of pavement quality qss and lane-miles Lss satisfy

the following conditions:

rpLLss = τvLLss − pqκvLLss
rpqqssLss = τvqq

−1
ss − pqκvqq−1ss .

Summing these expressions, and using the fact that v = vqq
−1
ss + vLLss, when v is constant

returns to scale, we derive the relationship between user cost and investment in lane-miles

and iri along the steady state optimal path:

τ =
[
rpLLss + rpqqssLss + κpqv

]
/v. (4.7)

This conditions shows that the user cost required to rationalize given steady state quality

and extent must offset the opportunity cost of lane-miles, the opportunity cost of pavement

quality, and depreciation of pavement quality from usage.

Equation (4.7) requires two comments. First, this equation demonstrates the importance

our assumption that v is constant returns to scale. Without this assumption, equation (4.7)

would involve derivatives of v, about which little is known, instead of readily observable

v (which is just total vmt). Second, we note that equation (4.7) describes a relationship

between equilibrium quantities, and so is not a natural starting point for calculating com-

parative statics. If we use the more restrictive form for v given in equation (4.1), then by

total differentiating the two steady state Euler conditions and manipulating the resulting

expressions, one can show that in a steady state, ∂LSS/∂τ > 0 and ∂qSS/∂τ = 0. This first

result is expected. If we increase the value of interstate services, we optimally have more of

it. The second is a consequence of constant returns to scale and the fact that q is an average

quantity. It is in the same spirit as the well known result that factor shares are constant for

a constant returns to scale Cobb-Douglas production function.

The model described above provides a logically coherent way to evaluate the cost of the

complex asset that is the interstate highway system. This model has the virtue of simplicity,

but does not provide a foundation for observed growth in vmt or allow for congestion. To

address both issues, we now consider the possibility that v is constant returns to scale in

pavement quality and lane miles, but decreasing returns to scale in population. A particular
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formulation of v with these properties is,

v =

(
1

qt

)α
L1−α
t Nβ

t (4.8)

This demand function requires that when population grows at a constant rate, then either

lane miles grows or usage per person shrinks. Using this demand function in our earlier state-

ment of the planner’s problem, we can show that existence of a balanced growth path where

lane miles grow at a constant rate that is a function of population growth. In particular,

lane mile growth g satisfies:

1 + g = (1 + n)β/α , (4.9)

where n is the growth rate of the population. In this case, we obtain an analogous steady

state condition where total revenues τv equals the sum of: opportunity cost of lane miles

rpLLt, the opportunity cost of pavement quality r−g
1+r

pqqLt, and the cost of depreciation κpqv.

This model is a generalization of the baseline model; setting n = 0 returns the original steady

state condition.

We draw attention to this generalization of our model to demonstrate the possibility, and

subtlety, of tailoring an asset valuation framework more closely to the economic fundamentals

of the underlying asset, in our case the interstate highway system. We do not consider this

model as a basis for a calibration exercise for two reasons. First, to do so would require that

we speculate about the value of the population elasticity of vmt, β. Second, we suspect

that the current data has not yet converged to a balanced growth path. At a minimum, we

see in figure 1(a) that the rate of growth of lane miles is decreasing over time.

5 Data

To estimate the price of new lane-miles and iri we require data describing the extent and

condition of the interstate network, the quantity and timing of expenditure, and road char-

acteristics that may affect construction and resurfacing costs.

We construct two data sets. One is organized by state-year, and we use it to estimate the

price of new lane-miles. The second is organized by segment-year, and we use it to estimate

the price of pavement quality. This section describes how we construct these data sets and

also provides a description of how the interstate system evolved over our study period.
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5.1 Lane-miles and IRI

The federal government requires state highway authorities to keep segment-level annual

inventories of the system and report them to the Federal Highway Administration. The

resulting data are the Highway Performance and Monitoring System maintained by the us

Office of Highway Policy Information.7

The hpms consists of two annual data sets, the ‘universe’ and ‘sample’ data sets. Both

are available in a consistent format from 1980 until 2008, with 2009 available for a subset

of states.8 Both are organized by segment-year and have the same basic structure. The

universe data provides a basic description of every interstate segment in every year. The

sample data provide a more detailed description for a random sample of interstate segments.

We restrict attention to the 48 states of the continental US. Because only about half of

the states report any hpms data in 2009, we end our study period in 2008. Beginning in

1988, the sample data required states to report iri, for every segment. States were slow to

comply with the new reporting requirement, and iri reporting is substantially incomplete

until 1992, when we begin our analysis of the price of iri. Our expenditure data, described

below, does not begin until 1984, and so our analysis of the price of lane-miles begins in this

year.

The universe data form the basis for our estimates of the price of new lane-miles. These

data report the length and number of lanes for every segment of the interstate in every year,

allowing us to calculate lane-miles of interstate by state-year. Road segments are rarely

promoted to or demoted from interstate status, and the hpms tracks such status changes at

the segment level. This allows us to avoid confusing changes in the administrative status of

roads with the construction of new lane-miles. The hpms does not record segments leaving

the interstate system for any other reason. This means that we can measure new construction

of lane-miles as year-over-year increases in state lane-miles.

The sample data form the basis for our estimates of the price of pavement quality. As

their name suggests, the sample data provide a detailed description of a carefully constructed

random sample of interstate segments (Office of Highway Policy Information, 2016), along

7See, for example, https://www.fhwa.dot.gov/policyinformation/hpms/shapefiles.cfm. Our hpms
data came to us on a CD produced by personnel from the Office of Highway Policy Information. In fact, the
hpms tracks all roads for which the federal government has financial responsibility, but the hpms maintains
greater detail about the interstate network than other federally funded roads.

8The hpms went through three revisions between 1980 and 2009. These revisions preserved the basic
structure of both data sets. During 2009-10, the Federal Highway Administration converted the hpms from
its original tabular form to a gis based data model. As a consequence of this conversion, data for 2010 is
not available, and post-2010 hpms data is not directly comparable to the older data.
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with sampling weights that permit the construction of state-year means. Each segment is

identified by a unique segment-ID and we are able to track these IDs over time. Figure 1(d)

reports lane-mile weighted aadt by year calculated from the universe and estimated from

the sample data. The close agreement between the two series validates the hpms sampling

methodology.

Over time, the accuracy with which a sample of segments represents the interstate-

network deteriorates as the characteristics of the sampled segments and the characteristics

of the population diverge. In addition, changes in the network need not reflect segment

definitions. For example, adding a lane to half the length of a sample segment requires the

creation of two ‘sub-segments’ to keep track of the change, and so the complexity of any

given sampling frame increases over time. To address these problems the hpms periodically

updates the population of segments and segment-IDs from which the sample data are drawn.

This sometimes interrupts our ability to track particular segments. New segment-ID’s can

reflect either new construction or a revision of the sampling frame and so we cannot use the

sample data to track new construction at the segment level.

The hpms sample data does not report expenditures on highways. However, for each

segment-ID and year, they report a categorical variable indicating whether a segment ex-

perienced one of 14 different types of improvement, and this classification system is stable

across years.9 Of these 14 categories, 10 refer explicitly to reconstruction, restoration, re-

habilitation or resurfacing. We code segments that experience these improvements as being

‘resurfaced’ during the relevant year. The remaining four categories of improvement are ‘mi-

nor widening’, ‘major widening, ‘new route’ and ‘relocation’. For reasons discussed below,

we also count segments subject to minor widening as ‘resurfaced’.10

5.2 Investment

The Federal Highway Statistics series is an annual report on appropriations, obligations, and

expenditures for the national highway system. These reports are available from the Federal

Highway administration during our study period.11

9See, for example, Archive Highway Performance Monitoring System (hpms) Data Item Descriptions:
1993 - 1998, item 50.

10We do not attempt to use segment level data on ‘major widening, ‘new route’ or ‘relocation’ to estimate
the amount of new construction. This is possible in theory, but these events are so rare that resulting
estimates of state-year totals are too noisy to form a basis for analysis.

11The Highway Statistics series is available almost continuously from 1946 until the present
at https://www.fhwa.dot.gov/policyinformation/statistics.cfm and https://www.fhwa.dot.gov/

policyinformation/hsspubsarc.cfm.
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We rely on Highway Statistics, tables sf12 and sf12a. Table sf12 reports total state and

federal interstate expenditure under two main headings, ‘capital outlay’ and ‘maintenance’,

and their sum gives total expenditure by state-year. Despite their names, the capital outlay

and maintenance expenditure reported in table sf12 does not correspond neatly to new con-

struction and resurfacing. Table sf12a provides a more detailed description of expenditure.

It reports expenditure on ‘Right of Way and Engineering’, ‘New Construction’ and ‘Major

Widening’. We sum these three categories for our measure of construction expenditure. Ta-

ble sf12a also reports expenditure on ‘Reconstruction’ and ‘Rehabilitation, Restoration and

Resurfacing’(3r). We sum these two categories for our measure of resurfacing expenditure.

Note the close correspondence between definitions of categories of expenditure in the

Highway Statistics data to the categories of improvement in the hpms. Only the HPMS

improvement category of ‘minor widening’ does not map transparently into categories of

expenditure reported in table sf12a. However, hpms code books often list ‘minor widening’

under the sub-heading of reconstruction events, one of the categories of expenditure we count

as resurfacing. Thus, we also count this category of improvement as a resurfacing event.

Table sf12a separately reports expenditure on ‘Bridge Work’ and the hpms does not re-

port on bridges at all. Our measure of maintenance expenditure is the difference between the

sum of resurfacing and construction expenditure, and total expenditure net of expenditure

on bridges. In this way, we use the categories reported in tables sf12 and sf12a to classify

expenditure to correspond with the new construction and resurfacing that we observe in the

hpms.12

Highway Statistics begins reporting the detailed expenditure breakdown of table sf12a

in 1984. This is well before the 1992 start of complete iri reporting in the sample data, but

four years after the 1980 start of the universe data. In consequence, we begin our analysis

of new construction in 1984.

We merge the hpms data sets and Highway Statistics by state-year. One can imagine that

Highway Statistics might record expenditures in a different year than the hpms records the

associated road work. An indicator of this problem would be ‘impossible state-years’ in which

either; expenditure occurs in Highways Statistics but no new construction or resurfacing in

the relevant hpms data; or, no expenditure occurs in Highways Statistics but we observe

new construction or resurfacing in the relevant hpms data. Appendix A discusses this issue

in detail. Briefly, this problem is rare in the data that matches Highway Statistics and the

hpms universe data. However, it affects about 30% of state-years in the data that matches

12For more detail on bridge expenditure and maintenance, see Duranton et al. (2020).
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Table 1: Lane mile weighted means of network characteristics

1984 1992 2008
% Urban (hpms) 30.2 33.5 42.7
% Urban (nlcd) 13.1 13.2 13.3
Grade (hpms) . 1.2 1.1
Water (nlcd) 7.3 7.4 7.5
Elevation 456.2 449.0 440.1
% New miles 0.7 0.5 0.2
Structural Number . 6.6 6.9
% Flexible . 21.8 24.3
% Rigid . 40.9 26.8
% Composite . 37.3 48.9
Unionization 24.7 20.1 15.9

Note: Attributes based on the Universe or GIS data are reported for 1984, 1992, and 2008.
Those based on the Sample Data are reported for 1992 and 2008.

Highway Statistics and the hpms sample data. This appears to primarily reflect the fact that

the hpms Sample data describes a sample of segments, while Highway Statistics describes

all expenditure.

5.3 Segment and network characteristics

Much of our data on system attributes derives directly from the hpms. The universe data

reports segment length and number of lanes by state-year. Aggregating, we obtain the

estimates of system length reported in figure 1(a). The universe data reports aadt. To

calculate lane-mile weighted average aadt, we multiply segment level aadt by the number

of lanes and length, sum over segments, and divide by system lane-miles. This yields the

solid line in figure 1(d).

Using the universe data, we estimate the share of all new construction that is new route

miles as opposed to expansion lanes on existing routes.13 Table 1 reports this share in

1984, 1992 and 2008. It is tiny throughout our study period and trending down. Most

interstate construction during our study period involves the expansion of existing routes.14

13We observe the change in route mileage and the change in lane-miles for each state-year. If we assume
that all new mileage in a state-year has the same number of lanes as an average segment in the preceding
year, we can use this value to estimate the share of all new lane-miles that are part of new segments.

14Even in its first decades, the construction of the interstate highway system rarely involved greenfield
construction. The interstate highway system was built by upgrading existing US highways to interstate
standard.
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The universe data also report whether each segment is urban or rural according to whether it

lies in an urbanized area or not.15 Table 1 shows that the share of urban lane-miles increased

from 0.30 to 0.43 between 1984 and 2008. This change partly reflects the construction of

lane-miles in urbanized areas and partly reflects the expansion of urbanized area boundaries.

The sample data provide a detailed description of each segment, e.g., shoulder width,

subsurface drainage. We focus attention on a handful of variables that are likely to affect

construction or resurfacing costs. These are, grade, construction type, and structural number

(defined below).

Table 1 reports the lane-mile weighted mean grade calculated in 1992 and 2008. The

clear decrease in these data indicates that new construction shifts toward flatter areas over

time. This pattern may reflect the shift in population towards the South over our study

period.

The Sample Data reports a categorical variable describing construction type as either

‘rigid’, ‘composite’, or ‘flexible’. A ‘rigid’ segment is one that consists primarily of steel

reinforced concrete slabs. A flexible segment is one that consists primarily of asphaltic

concrete, i.e., blacktop. A composite road consists of a combination of such layers, for

example, a layer of asphaltic concrete over a concrete base. Table 1 reports the share of all

lane-miles in each category. Over the course of our study, we see an increase in the share of

flexible roads and composite roads at the expense of rigid roads. Some of this change reflects

the conversion of rigid roads to composite by the addition of an asphaltic concrete layer.

Closely related, the sample data reports the ‘structural number’ of each segment. Struc-

tural number is an engineering index used to measure the durability of a road (Mannering

et al., 2007, Ch. 4). It is a weighted sum of the thicknesses of the various layers of gravel,

concrete and asphaltic concrete that make up each segment.16 For example, each inch of as-

phaltic concrete contributes about 0.41 to a segment’s structural number, depending slightly

on the quality of the material. Over the period during which we observe these data, 1992

to 2008, structural number trends up, unevenly, from about 6.6 to about 6.9. This increase

is consistent with the construction of progressively more durable roads or the accumulation

of paving material as a consequence of ongoing resurfacing. Because a one inch layer of

asphaltic concrete will contribute about 0.4 to the structural number of a road, the trends

in structural number are consistent with an average interstate lane-mile consisting of about

an extra 0.75 inches of asphaltic concrete in 2008 than in 1992.

15The Federal Highway Administration maps of urbanized area are based on the corresponding census
maps, but are slightly adjusted (Federal Highway Administration, 2013).

16Structural number is simply the thickness of concrete in inches for rigid roads.
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To investigate the role of exposure to unionized labor markets, we rely on the Current

Population Survey’s report of the share of the labor force that is in a union by state and

year.17 Table 1 reports a lane-mile weighted national mean of these state level unionization

shares. The dramatic decline in this mean reflects both changes in the national unionization

rate and changes in the distribution of lane-miles across states.

We also calculate network attributes from gis data. Starting from the 2005 NHPN

planning map of the interstate (Federal Highway Administration, 2005), we create a buffer

extending 2.5 miles on either side of the interstate. We use this buffer to calculate the

attributes of land within the buffer from three gis based data layers. First, from the 2001

nlcd (United States Geological Survey, 2011), we calculate the share of land within the

buffer that is classified as urban. Second, also from the 2001 nlcd, we calculate the share of

land within the buffer that is water or wetlands. Third, using a digital elevation map (United

States Geological Survey, 2010), we calculate the mean elevation of the interstate within a

state, as of 2005. Note that these measures vary only at the state level and time series

variation in national means entirely reflects changes in how the lane-miles are distributed

across states. Table 1 shows that over time progressively larger fractions of interstate lane-

miles lay in states that had more urban cover in a buffer near the 2005 interstate, that had

more water or wetlands in this buffer, and where the route of the 2005 interstate was at a

lower elevation. In particular, in 1980, the 2.5 mile buffer strip on either side of an average

lane-mile of interstate was about 13.1% in urban cover and 7.1% water and wetlands cover

in 1980, and these shares increased slightly but steadily to 13.3% and 7.5% by 2008. The

elevation of a similarly average strip fell by about 40 feet over this time.

Summing up, over the course of our study period, the network shifted towards areas that

were flatter, lower, wetter and more urban. The interstate’s exposure to unionized workers

decreased dramatically. New construction became even more focused on expansion lanes

rather than new mileage, the structural number of an average lane-mile increased and the

type of surface shifted from rigid toward flexible pavement.

6 Econometric model

We would like to estimate trends in the price of a lane-mile of interstate, pLt , and in the price

to reduce the roughness of the interstate by one inch on one lane-mile, pqt . We refer to pqt

as the price of iri. We also investigate whether such trends are related to segment or state

17Data constructed by Hirsch & MacPherson (2003) updated annually at unionstats.com.
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attributes that suggest an explanation for the trends.

6.1 Pavement quality Price pq

We begin with the price of iri. These estimates are based on segment-year level data. Our

estimate of the price of new lane-miles is similar, but, because it relies on state-year level

data, it requires restricting the iri regression to less granular data.

Our data are organized by road segment, state and year; j ∈ J , s ∈ {1, ..., 48} and t. Let

Ljst indicate total lane-miles of interstate highway for segment j in state s and year t, let

Lst indicate lane-miles of interstate highway in state s and year t, and let ∆ indicate first

differences. Thus, ∆Lst = Lst−Lst−1 is change in state lane-miles. We rely on segment-year

level measurements of iri, qjst, to measure pavement quality. Let xjst denote a vector of

other attributes of a given segment highway, and xst the corresponding state-year aggregate.

Let 1jst(q) be an indicator for whether a segment was resurfaced in each year.

Let Ist indicate total expenditure for a state-year. We are interested in three subclasses of

expenditure, ILst, I
q
st, and Imst , where Ist = ILst + Iqst + Imst . These are expenditure on new lane-

miles, expenditure on resurfacing, and expenditure on maintenance that does not directly

impact resurfacing or new construction.

Our data on resurfacing and iri is at the level of a segment-year, while our expenditure

data is at the state-year level. Our challenge is to devise a regression framework that allows

us to use these data to estimate a yearly national average price of iri.

Notice that we can easily estimate how the effect of resurfacing on iri changes over time,

∆qjst = C0 + C11jst(q) + C2[1jst(q)t] + C3xjst + εjst. (6.1)

C1 is the conditional mean difference in iri between resurfaced and unresurfaced segments

when t = 0 (1992) and C2 is the rate at which this difference changes over time. The xjst

represents a subset of the controls; state indicators, year indicators, state-year indicators

and segment indicators.

In equation (6.1), C1 and C2 describe the time path of the effects of resurfacing on pave-

ment quality. To estimate a time path of the effect of expenditure on resurfacing on pavement

quality, let Lqst denote lane-miles of interstate resurfaced in a state-year and calculate millions
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of dollars of resurfacing expenditure per resurfaced mile as,

ıqst ≡
Iqst
Lqst

.

We regress change in iri on the interaction of resurfacing expenditure per mile and the

resurfacing indicator,

∆qjst = A0 + A1 [1jst(q)ı
q
st] + A2 [1jst(q)ı

q
stt] + A3xjst + εjst. (6.2)

Because the left hand side is denominated in inches per mile and the units of 1jst(q)ı
q
st are

millions of dollars per resurfaced lane-mile, the units of A1 are inches per million dollars. A2

is the same as A1, but it measures the rate at which A1 changes, i.e., inches per million dollars

per year. Thus, A1 = 1/pQ1992 and A1 +A2t = 1/pQ1992+t, so that a simple transformation lets

us calculate the time path of the price of iri, pqt , from an estimate of equation 6.2.

We experiment with other parameterizations of the trend in the price of iri and find that

the data do not allow us to determine whether the rate of change is different in different

parts of our study period. Given this, we restrict attention to the simple linear specification.

Our data will indicate an increase in the price of pavement quality. To attribute this

increase to potential causes, we allow the trend in the inverse price of iri to vary with

segment or state characteristics. For a given segment or state attribute x0ist, this leads to a

generalization of (6.2),

∆qjst = A0 + A1 [1jst(q)ı
q
st] + A2 [1jst(q)ı

q
stt] + A3t (6.3)

+B1

[
1jst(q)ı

q
stx

0
jst

]
+B2

[
1jst(q)ı

q
stx

0
jstt
]

+B3xjst + εjst.

In this regression, we interpret A1 and A2 as we did in equation (6.2) if x0 = 0. As x0

varies, B1 measures the mean change in base year price and B2 measures the rate at which

the trend in price changes with changes in x0. For example, we generally find that if x0 is a

measure of how urban is the state or segment, then B1 > 0 and B2 < 0. This means that,

all else equal, one million dollars reduces iri by a smaller amount on more urban roads in

1992, but that this urban penalty decreases over time.
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6.2 New lane-miles prices pL

We would also like to estimate the price of new lane-miles, pL. We proceed much as we

did for our segment level resurfacing regressions, adjusting for the fact that our data on

lane-miles is at the state-year level. We estimate,

∆Lst = A0 + A1I
L
st + A2[I

L
stt] + A3t+ εst. (6.4)

This equation relates state-year change in lane-miles to state-year construction expenditure.

We denominate expenditure on lane-miles in millions of dollars per year. Because the depen-

dent variable is measured in lane-miles, A1 gives lane-miles per million dollars of expenditure

when t = 0 (1984). A2 gives the rate at which this inverse price changes over time. As for

our resurfacing regression, this is an inverse price, A1 = 1/pL1984 and A1 + A2t = 1/pL1984+t.

Increases in A1 indicate that a million dollars of construction expenditure buys more, so the

price is lower.

The data show that the price of new lane-miles has increased over our 1984 to 2008 study

period. They do not allow conclusions about whether this rate of increase is faster or slower

in different parts of our study period. Given this, as for our iri regressions, we present only

the linear specification. Because these data are relatively coarse, our ability to include control

variables is limited, however, in some specifications, we include state indicator variables.

We are concerned about measurement error. To address this, we conduct an instrumen-

tal variables estimate where we instrument for current expenditure with the four year lag

of total state interstate highway appropriations. The rationale for this instrument is similar

to that given in Leduc & Wilson (2013). Instrument validity requires that lagged appro-

priations predict the expenditure, but not be related to measurement error. In fact, lagged

appropriations strongly predict expenditure, and it seems reasonable to suppose that they

do not anticipate mismeasurement of expenditure.18

Much as in our analysis of iri, we would like to understand the extent to which the

increase in the price of new construction is related to state or road attributes that suggest

explanations for the observed price increase. To accomplish this, we include an interaction

term, much as we did in equation (6.3). Letting x0st denote the state level attribute of interest,

18We do not conduct these IV regressions for our investigation of iri because first stage predictive ability
is too low.
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Figure 2: Effect of resurfacing and construction expenditure on iri and lane-miles by year
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(a) Resurfacing (b) Construction

Note: (a) x-axis is years, y-axis is inches per resurfaced mile from one million dollars per
resurfaced mile of resurfacing expenditure. The solid line plots the trend in change in iri
and millions of dollars of expenditure per lane mile between 1992 and 2008 estimated in
column 6 of table 2. This plot is the basis for the time series of pq that we use in our
calibration exercise in section 9 and report in table B5. (b) x-axis is years, y-axis is lane
kilometers per million dollars. 95%CI’s based on robust standard errors. The solid line
plots the trend in lane-miles per million dollars between 1992 and 2008 estimated in
column 5 of table 3. This plot is the basis for the time series of pL that we use in our
calibration exercise in section 9 and report in table B5.

we estimate,

∆Lst = A0 + A1I
L
st + A2[I

L
stt] + A3t (6.5)

+B1[I
L
stx

0
st] +B2[I

L
stx

0
stt] +B3xst + εst.

In this regression, the interpretation of A1 and A2 are about the same as in (6.4). B1 and

B2 measure how the price level varies with x, and B2 is a ‘cross-partial’ term that measures

how the difference in price between ‘high x0’ and ‘low x0’ roads evolves over time.

7 The price of IRI and lane-miles

Figure B1 illustrates the evolution of the effect of resurfacing on iri. For almost all years

a resurfacing event reduces the iri of a segment by between 20 and 40 inches per mile.

Confidence intervals for the different years usually overlap and this figure shows at most a

small positive trend. Resurfacing events in 1992 were not much different than in 2008. Table

B3 estimates variants of equation (6.1). On average, resurfacing reduces iri by about 33
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Table 2: Resurfacing expenditure and IRI

(1) (2) (3) (4) (5) (6)
1ist(q)ı

q
st -619.29∗∗∗ -607.60∗∗∗ -646.12∗∗∗ -921.00∗∗∗ -922.91∗∗∗ -992.86∗∗∗

(38.80) (38.07) (41.90) (93.70) (92.92) (104.83)
t -0.02 -0.02 0.00

(0.07) (0.07) (0.08)
1ist(q)ı

q
st × t 27.46∗∗∗ 27.29∗∗∗ 29.96∗∗∗

(7.01) (6.89) (7.64)
State FE No No No No Yes No
State-Year FE No Yes Yes No No No
Segment id FE No No Yes No No Yes
N 186,055 186,054 181,235 186,055 186,055 181,236

Note: Estimations of variants of equation (6.2). We drop segments that occur in just one
year in specifications that include segment fixed effects, columns 3 and 5. Standard Errors
in Parentheses Clustered at the State-Year Level. + p < 0.10, ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗

p < 0.001.

Table 3: Construction expenditure and new lane-miles

OLS 2SLS

(1) (2) (3) (4) (5)
ILst 0.0472∗ -0.0008 0.1135∗∗ 0.0512 0.1584∗∗∗

(0.0230) (0.0134) (0.0328) (0.0363) (0.0458)
t -0.6487∗ -0.4112 -0.8271∗∗

(0.2910) (0.3119) (0.2815)
ILstt -0.0045∗∗∗ -0.0018 -0.0037

(0.0012) (0.0022) (0.0025)
State FE No Yes No No No
N 1,171 1,171 1,171 808 1,171
F 20.65

Note: Estimations of variants of equation (6.4) Standard Errors in Parentheses Clustered
at the State-Year Level. Column 5 shows the F statistic of the first stage. All regression
are based on the 1984-2008 period when we observe state-year lane miles, except column 4.
In column 4 we restrict attention to 1992-2008 to match the study period we use to analyze
iri. + p < 0.10, ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001.

inches. There is a small positive change in the effect of resurfacing expenditure that is barely

distinguishable from zero. That is, resurfacing results in a slightly smaller reduction in iri

in 2008 than in 1992.
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Figure 2(a) illustrates the evolution of the effect of resurfacing expenditure on pavement

quality. It reports the coefficients of the following regression,

∆qjst =
2008∑

τ=1992

Aτ [1jst(τ = t)1jst(q)ı
q
st] + εjst. (7.1)

Confidence intervals are based on standard errors clustered at the state-year level. The units

of iri and ıqst are inches per mile and millions of dollars per resurfaced mile. It follows that

the units for the Aτ are inches per million dollars. As in regression (6.2), these regression

coefficients are inverse prices.

Figure 2(a) shows a clear upward trend. In the early 1990s, one million dollars of ex-

penditure reduced iri by about 900 inches. By the end of our sample, the same million

dollar expenditure reduced iri by about 450 inches. The raw data suggest that the price of

reducing iri about doubles between 1992 and 2008.

Table 2 estimates the effect of one million dollars per resurfaced mile of resurfacing ex-

penditure on iri, that is, equation (6.2). Interpreting these results requires careful attention.

Decreases in iri are good, so if the price of resurfacing goes up, the coefficient A1 of 1ist(q)ı
q
st

will increase to become a negative number with smaller magnitude. Second, the units for A1

are inches per mile per million dollars of expenditure per lane-mile. This is an inverse price,

so as A1 increases in magnitude the price of iri falls. Similar comments apply to interpreting

the coefficient of 1ist(q)ı
q
stt.

In column 1, we estimate that one million dollars per lane-mile of resurfacing expendi-

ture reduces iri by about 637 inches. This magnitude does not vary as we add state-year

indicators in column 2, or segment and state-year indicators in column 3. In column 4, we

allow for a trend and an interaction between the trend and expenditure. That the coefficient

on the interaction is 27 means that one million dollars of expenditure eliminates 27 fewer

inches in each successive year. Thus, in 1992 one million dollars eliminates about 900 inches

of iri. By 2008, this falls to about 400 inches. These estimates are almost unchanged in

columns 5 and 6 where we add state and segment indicators.

Interpreting these results requires care. It is not immediately obvious what estimand is

the most relevant for our analysis. Two natural candidates are; the effect of resurfacing on

a typical segment whose surface is at the end of its life, and the effect of resurfacing on a

typical segment selected for resurfacing. If state highway authorities prioritize the resurfacing

of deteriorated segments (as we would hope they do) these two estimands should be nearly

the same. Note that both of these estimands can be understood as the effect of treatment
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on the treated. The estimation in column 1 is based on the difference in roughness between

resurfaced segment-years and not. Adding state-year indicators in column 2, corrects for

the possibility that assignment of resurfacing to segments and the productivity of state

highway workers are correlated. Column 3 adds segment indicators. Here we are comparing

roughness within a segment, before and after resurfacing. This estimator is probably closest

to the desired theoretical quantity, and consistent with our prior that resurfaced segments

should be in worse condition than an average segment, we see that this estimate is a little

larger that those in columns 1 and 2. Indeed, column 3 is a two-way fixed-effects research

design and, as such, it estimates average treatment on the treated. It is noteworthy that,

in spite of the different variation captured by each estimator, the effect of resurfacing does

not change in an economically important way across specifications. Our data measure the

outcome of a standardized industrial process that removes old paving material and replaces it

with new paving material. Our estimates suggest that the first order effect of this process on

pavement quality is large relative to any bias in the estimated effect resulting from selection

into resurfacing.

To describe the increase in construction costs, define 1st(τ) to be one in year τ and zero

otherwise. Next conduct the following regression,

∆Lst =
2008∑

τ=1984

Aτ
[
1st(τ)ILst

]
+ εst (7.2)

In this regression, the Aτ are the mean number of lane-miles per million of expenditure on

new construction by year. Figure 2(b) plots these inverse prices by year. This figure shows

a decline in the number of lane-miles purchased by one million dollars of expenditure.

Table 3 presents regressions based on equation (6.4). Column 1 presents a regression of

∆Lst on ILst. Column 2 adds state fixed effects. The dramatic change in the coefficient of

expenditure confirms the importance of state level variation in construction costs documented

in Brooks & Liscow (2020). In column 3, we add a trend (year-1984) and an interaction of

the trend with expenditure. As suggested by figure 2(b), one million dollars buys fewer

lane-miles in each successive year. Column 4 repeats column 3 but restricts the sample to

1992-2008 in order to match the sample we use to investigate resurfacing. Consistent with

what we observe in figure 2(b), lane-miles per million dollars declines more slowly during

the later part of the study period. We use this estimation to calculate the time series of pq

that we use in our calibration.19 This has a negligible effect on our estimate of the trend

19We cannot use the estimation in column 3 for this purpose because the implied value of pqt becomes
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downward in lane-miles per million dollars of expenditure. Column 6 repeats column 3,

but instruments terms involving expenditure with corresponding terms involving the four

year lag of total interstate appropriations. This change in estimating technique has little

impact on our estimates of the trend in prices, and reassures us that mis-measurement of

expenditure is not causing economically important changes in our results.20

It remains to document the level and changes in expenditure on maintenance, ım. Figure

B2 shows the results of a regression that is similar to equation (7.2), but which predicts annual

maintenance expenditure as a function of year indicators. From the figure, maintenance costs

are about 0.01×106 or about 10,000$ per lane-mile. These costs have been steady or declining

over time.

8 Explaining the price increases

Explaining the increase in the price of pavement quality

We now investigate explanations for the upward trend in pqt . It is well known that road

construction is more expensive in urban areas (Ng & Small, 2012). In table 1 and figure 1

we see that over time the average lane-mile of interstate is more heavily used, more likely

to be designated urban, and is in a state where the area near the 2005 interstate had a

higher fraction of urban cover in 2001. By all three measures, the network becomes ‘more

urban’. This suggests that the price of iri is rising because resurfacing is occurring on more

expensive urban roads.

To investigate this possibility, table 4 presents three estimates of equation (6.3) in which

the extra segment attribute is, from column 1 to 3, segment-year level aadt, the hpms

segment-year urban indicator, and the nlcd state level impermeable cover measure. We

include segment indicators as controls in all of the results we present in table 4. In unreported

results, we replicate each of the specifications in table 4 for the combinations of fixed effects

that we use in table 4. Parameter estimates are stable across specifications.

Beginning with column 1, we see that aadt has two effects. First, as expected, the level

effect of aadt on inches per million dollars is positive. Increasing aadt by 1, here 10,000

vehicles per average day, decreases the amount of roughness repaired by one million dollars

negative at the end of the sample. This reflects the pattern we observe in figure 2(b). If we instead allow for
different functional forms in table 3 we arrive at similar estimates for pqt during 1992-2008. We revisit this
issue in section 9

20Our instrument is weak if we include state fixed-effects as controls. Therefore, we do not report IV
regressions corresponding to columns 2 and 4 of table 3.
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Table 4: Composition effects resurfacing

(1) (2) (3) (4) (5) (6)
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1ist(q)ı
q
st -1076.50∗∗∗ -1005.20∗∗∗ -1662.48∗∗∗ -928.00∗∗∗ -635.53∗∗ -1849.20∗∗∗

(127.36) (126.08) (220.56) (99.31) (195.73) (252.40)
1ist(q)ı

q
st × t 28.56∗∗∗ 25.19∗∗ 55.60∗∗∗ 26.27∗∗∗ 14.34 92.81∗∗∗

(8.58) (8.22) (15.46) (7.33) (13.81) (16.83)
t 0.04 0.00 -0.00 0.05 0.00 -0.03

(0.08) (0.08) (0.08) (0.08) (0.08) (0.13)
x0 -0.38+ 3.54∗∗ 0.37 -0.09

(0.20) (1.17) (0.32) (0.42)
x0 × 1ist(q)ı

q
st 24.58+ 26.98 4,504.98∗∗∗ -346.82∗ -53.77+ 50.12∗∗∗

(14.62) (136.38) (980.24) (168.65) (31.92) (13.32)
x0 × 1ist(q)ı

q
st × t -0.29 10.68 -166.79∗ 19.88 2.39 -3.79∗∗∗

(0.92) (9.45) (75.38) (12.37) (2.12) (0.93)
Segment id FE Yes Yes Yes Yes Yes Yes
N 181,236 181,236 181,236 181,068 181,236 181,236

Note: Estimations of variants of equation (6.5). Column headings indicate the interaction
variable x0. The nlcd based urban measure varies at the state level but not at the
state-year level and the hpms sampling frame requires that segment-id change when urban
status changes so hpms urban status also does not vary within segment. We omit the levels
of these variables in columns 2 and 3 because they are colinear with segment fixed-effects.
Standard Errors in Parentheses Clustered at the State-Year Level. + p < 0.10, ∗ p < 0.05,
∗∗ p < 0.01, ∗∗∗ p < 0.001.

by about 43 inches. To the extent that busier roads are more urban, this confirms our prior

that urban construction is more expensive. Second, the mean annual change in this aadt

premium is small, -1.54 inches, and not distinguishable from zero. The signs on the two

terms involving aadt are opposite so that the premium for smoothing high aadt segments

is weakly decreasing over time.

The next two columns of table 4 consider the hpms and nlcd based urban measures. By

either measure, one million dollars repairs fewer inches of iri as segments are more urban.

The premium for urban segments is decreasing over time and is distinguishable from zero
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for the nlcd based measure of urbanization.21

The first three columns of table 4 confirm that lowering iri is more expensive in urban

areas. They also show that the urban premium decreases over time. In table 1 we see that,

however measured, the interstate is becoming more urban over time. Thus the trend toward

a more urban interstate and the decrease in the urban price premium work against each

other. Indeed, the fact that 1jst(q)ı
q
stt remains significant and of almost the same magnitude

as we see in columns 4,5 or 6 of table 2 suggests that the two trends approximately cancel

each other out. While urban status is important for determining the price of iri, it does not

explain the trend in this price.

A second candidate explanation for the increase in the price of iri involves increased

exposure to union labor. We see in table 1 that the average lane-mile is in a state where

union share of employment is lower at the end of our study period than at the beginning. If

union exposure is to explain the increase in the price of pavement quality, the union premium

must increase over time. To investigate this possibility, the last column of table 4 considers

the effect of state-year union share of all employment. The pattern of coefficient estimates

is the same as we saw for aadt and the two urban measures. The price of iri is higher in

state-years with higher union shares and this premium is declining over time. Changes in

union exposure also work against the increase in the price of pavement quality.

Columns 5 and 6 consider the physical characteristics of segments. Column 5 considers

an indicator that is one if the segment is rigid, i.e., a concrete slab. We see that it is less

expensive to make such segments smooth, and this discount decreases over time. Column 6

considers the role of structural number. Increasing structural number by one means that one

million dollars reduces iri by an extra 91.24 inches. This discount decreases over time by

5.37 inches per year per unit of structural number. Alone among the composition variables,

the structural number specification is the only one where there is no unconditional trend in

the price of pavement quality. Columns 5 and 6 together suggest that something about the

physical characteristics of the segment may be behind the increase in the price of pavement

quality. Structural number seems particularly deserving of further investigation and we will

return to it below.

Unreported results like those in table 4 investigate the role of proximity to water, average

grade and elevation. All produce negative results. Neither average grade nor elevation is

21Note that the nlcd based urban measure varies at the state level but not at the state level and the
hpms sampling frame requires that segment-id change when urban status changes so hpms urban status also
does not vary within segment. We omit the levels of these variables in columns 2 and 3 of table 4 because
they are colinear with segment fixed-effects.
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important for the level or trend in the price of pavement quality. Given the uniformity of

the interstate, that resurfacing costs are not sensitive to the range of grade and elevation

that exists within the system seems intuitive.

Proximity to water is more interesting because it helps to shed light on the role of

environmental regulation on costs. Enacted in 1972, the Clean Water Act is one of the

nation’s more important pieces of environmental regulation. Intended to protect the quality

of surface water, it requires permits for storm water discharges from construction activities

and management of non-point source run-off from roads.22 If the Clean Water Act were

responsible for the increase in highway construction costs, we would expect the price of iri

to rise faster for roads in wetter areas. Our results do not support this hypothesis. While

the price of iri is higher in wetter areas, proximity to water or wetlands does not explain

the trend in this price.23 This does not support the hypothesis that the trend in the price

of iri is due to environmental regulation.

Explaining the increase in the price of new lane miles

Table B4 reports estimates of equation (6.5) and parallels table 4 by examining the role of

composition in the increasing price of new lane-miles. We estimate the effect of changes in

the following variables on the change in construction costs: grade, elevation, proximity to

water, proximity to urban land cover, urban classification, unionization, aadt, share of new

mileage in construction, mean structural number and, finally, the share of rigid pavement.24

Only a handful of the estimated interaction effects are different from zero. Construction

is more costly as the share of lane-miles classified as urban increases. As we saw for resur-

facing, construction costs are higher in more urban places. Also as we saw in our resurfacing

regressions, the trends in the urban premium decrease over time, so the shift toward more

urban construction does not explain the trend up in the price of new construction. States

with greater exposure to unions or higher mean structural number do not have measurably

different costs. However, there are trends in these costs. States where union share declines

22https://www.epa.gov/npdes/stormwater-discharges-construction-activities, May 15, 2020.
23We note that positive effect of proximity to water on price is similar to the finding in Smith et al. (1999).
24The estimations in table B4 are qualitatively similar to those in Brooks & Liscow (2020), but differ in

a number of particular ways. First, we study a more recent time period, 1984 to 2008 versus 1960 to 1993.
Second, they analyze highway miles, while our more detailed data allow us to analyze lane-miles. Third,
our construction expenditure data exploits the extra detail that is available in the more recent Highway
Statistics volume to exclude expenditure on the interstate that is not explicitly related to new construction.
Fourth, the details of our specification and the source data for our variables differ in a number of ways that
seem minor. Finally, our data does not include a measure of housing prices, while Brooks & Liscow (2020)
do not observe construction materials or quantities.
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Figure 3: Event Study of Structural Number and iri
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Note: (a) Changes in iri and structural number around resurfacing events for all segments
with flexible pavement. (b) Minus one times lane-miles worth of asphaltic concrete per
million usd2010 of expenditure, assuming a one inch thick resurfacing layer.

faster see slightly faster cost increases. For all of hpms grade, elevation, water proximity,

and share of new-miles, we see that the coefficient on the interaction term ILtx0 is indistin-

guishable from zero for all variables. These variables also do not explain the trend up in the

price of new construction.

The last two columns of table B4 investigate the role of structural number and share rigid.

These two construction variables are the only ones for which the interaction term, ILx0t,

is distinguishable from zero and ILt is not. That is, in a purely statistical sense, trends in

these variables explain the trends in the price of new construction. In addition, structural

number is the only variable for which the sign on ILt is positive. Over time a million dollars

buys progressively more miles of low structural number highway and less of high structural

number highway. The precision of this term is such that it not distinguishable from zero

at conventional levels, but is distinguishable from the corresponding trend for an average

segment, −0.0044, that we estimate in table 3.

Summing up, the results in table B4 are largely negative. Terrain, urban share, union

exposure and the share of new miles do not seem to explain the increase in the price of

new construction. Our estimates for the effect of share rigid and structural number are

imprecise, but suggest that these variables, structural number, in particular, may be related

to the increase in the price of new construction.
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Comparison to engineering based estimates

Our regressions show increases in the price of iri and new lane-miles. If we restrict attention

to flexible roads (which consist primarily of asphaltic concrete) then we can validate our

regression-based estimates with a calculation of the cost increase implied by the change in

the price of asphaltic concrete.

To measure the national average price of asphaltic concrete we combine Federal Highway

Administration (1987) for 1975 through 2006 with U.S. Bureau of Labor Statistics (2020) for

the period after 2006, and use the ppiaco series to convert all prices to 2010 dollars. The

price of asphaltic concrete stays close to 50 dollars per ton from 1980 until the early 1990s

and then increases rapidly to about 125 dollars per ton.

For the sake of illustration, suppose a resurfacing event involves the application of exactly

one inch of material. Since an average lane of interstate is 12 feet wide,25 resurfacing one

lane-mile requires about 196 cubic yards of asphaltic concrete. At about two tons per cubic

yard, this is 392 tons of paving material. The price of asphaltic paving material was 44.63

per ton in 1992 and 116.74 per ton in 2008. Multiplying the difference, 70.01, by 392 tons per

lane-mile, we have an increase of 28,228 dollars per lane-mile entirely due to increases in the

price of asphaltic concrete. Note that figure 2(a) shows regression based annual estimates of

the number of inches of iri repaired by one million dollars of resurfacing expenditure. Using

our asphaltic concrete price series, and assuming 392 tons per lane-mile of resurfacing, we

can calculate the number of lane-miles of paving material per million dollars of expenditure

on the basis of each years price for asphaltic concrete. To compare this price series with our

regression-based estimate, in figure 2(a), we multiply by minus 1 and plot in figure 3(b). We

see that the inverse price of iri tracks the inverse price of paving material closely. Table 4

establishes that, at least in a purely statistical sense, structural number alone can explain the

change in the price of pavement quality. Figure 3(a) confirms this conclusion by a different

argument.

We can also directly compare an engineering-based cost estimate of the price of iri to

our regression-based estimates. There are 2552 segments for which we observe a resurfacing

event and also observe the segment for at least two years before and after resurfacing. Of

these, 926 have flexible pavement. Figure 3(a) presents the results from the event study

showing how structural number changes around resurfacing events for these 926 segments.

For reference, the figure also shows the corresponding event study for iri.26

25See, for example, Highway Statistics 2006, table HM-53.
26Except for the different sample, the about 25 inch drop in iri around resurfacing that we see in figure
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The figure shows a sharp increase in structural number around resurfacing events. This

increase is between about 0.2 and 0.4, depending on whether we look at the change over the

preceding one or two years. Taking the larger of these two values, and recalling that one

inch of asphaltic concrete contributes about 0.4 to structural number, this means that the

calculation performed above applies. Thus, observed changes in structural number around

resurfacing events (for flexible segments) together with realized changes in the price of as-

phaltic concrete imply an increase in the cost to resurface a lane-mile of interstate of 28,228

dollars between 1992 and 2008.

Our regressions also imply a per lane-mile increase in the price of resurfacing. From

table B3 column 3, resurfacing reduced iri by 34.18 inches per mile. Similarly, from table

2 column 6, one million dollars of expenditure reduced iri by 922.86 inches in 1992 and

443.50 inches in 2008.27 Taking the ratios of each year’s values, we conclude that on average

one million dollars of expenditure resurfaced 922.86/34.18 = 27.00 lane-miles in 1992 and

443.50/34.18 = 12.97 in 2008. Inverting, this is 37,037 dollars per lane-mile in 1992 and

77,101 in 2008. Taking the difference, the increase in per lane-mile resurfacing costs implied

by our regressions is 40,064 dollars per lane-mile. The engineering-based estimate, 28,228, is

about 70% as large as regression-based estimate. This seems quite close, particularly when

we consider that paving material is not the only input into resurfacing.

Thus we have three pieces of evidence in support of the hypothesis that increases in the

price of iri largely reflect increases in materials costs. First, in table 4 changes in structural

number completely explain the trend in the price of iri in a statistical sense. Second, we

see in figure 3(b) that the inverse price of iri closely tracks an appropriately transformed

national price index for asphaltic concrete. Third, a comparison of changes in the price of

resurfacing implied by an engineering estimate and derived from our regressions correspond

closely.

We now turn our attention to the contribution of materials costs to the increase in the

price of new lane-miles. Our two measures of the physical attributes of the state highway

network, ‘structural number’ and ‘share rigid’, were the only variables in table B4 for which

the interacted trend term was measurably negative and the un-interacted trend term ceased

to be distinguishable from zero. Thus, from a purely statistical point of view, a change

3 is comparable to the within segment estimate in table B3 column (6). Note that we can use this same
research design to check whether the change in structural number from resurfacing is constant throughout
our sample. The data do not indicate that the amount of paving material used for resurfacing changes over
our study period.

27That is, 922.86− 16× 29.96.
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in the physical characteristics of new lane-miles is our best guess to explain the trend in

construction price.

As above, we focus attention on flexible roads because they are relatively simple. A typical

flexible segment of the interstate consists of 12 inches of asphaltic concrete.28 Using the same

conversion as above, this means that each lane-mile of flexible interstate construction requires

4692 tons of material. The price of a ton of asphalt in 1984 was 48.00 (slightly higher than

1990) so the change in price per ton from 1984 to 2008 was 68.74. Multiplying tons by the

change in the price per ton, we have that the price of asphalt required to build a lane-mile

of flexible interstate increased by about 323 thousand dollars between 1984 and 2008. We

can read our regression-based estimate from figure 2(b). In 1984, one million dollars bought

about 0.2 lane-miles, and by 2008 this had fallen by about a factor of five to 0.04 lane-miles.

Inverting, the price of a lane-mile increased from about 5 to about 20 million dollars. This

increase is an order of magnitude larger than 323 thousand dollars per lane-mile that we can

ascribe to the price of paving materials.

Summing up, of all of the variables we consider in table B4, only the two describing

the physical attributes of the roadway appear to be related to the trend in prices, although

this relationship is not particularly strong. From an engineering standpoint, the measured

increase in materials costs does not explain the magnitude of the change in price of new

lane-miles. It appears more likely that pavement type and thickness are correlated with

other changes in highway construction methods or materials that explain the price of new

lane-miles. For instance, more stringent noise mitigation may add to the cost of lane-miles

and be correlated with pavement type/thickness choices.

9 Calculating the user cost per interstate vehicle mile

travelled

The right hand side of equation (4.7) consists of observed quantities. Total lane-miles, L, is

described in figure 1. iri is our measure of quality. We calculate total vmt from data on

aadt and segment lengths. For the risk free rate, r, we use the best linear fit to the January

average of the 10 year Treasury rate net of the annual inflation rate calculated from the cpi.29

Much of our econometric effort has been directed to the estimation of pL and pq. For our

baseline calibration we rely on annual values of pq and pL calculated from column 4 of table

28Table IV-3 of hpms item descriptions for 1993-8.
29The raw data and linear fit are reported in figure B3.
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Figure 4: Steady state user cost per vehicle mile travelled over time
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Note: User cost of interstate capital per vehicle mile implied by steady state condition
(4.7). Figure based on data in table B5.

Table 5: Sensitivity and Counterfactuals

2007 1992 2007/1992
A. Baseline 0.19 0.33 0.59
B. Counterfactuals vmt92 0.26 0.33 0.81

pL92 0.09 0.33 0.27
pq92 0.18 0.33 0.56
r92 0.51 0.33 1.60

C. Sensitivity IV 92-08 0.06 0.15 0.40
IV All 0.08 0.15 0.50
Non parametric (Smooth) 0.07 0.14 0.50

Note: Values of τ in 1992, 2007, and percentage change between the two years. Panel A
gives baseline values based on the same data and calculation as presented in figure 4. Panel
B considers four counterfactual cases identical to the baseline, except with a single variable
held fixed. Panel C considers three cases identical to the baseline except for the technique
used to estimate pL.

3 and column 6 of table 2. We calculate maintenance costs per vehicle mile travelled, m, by

dividing mean annual maintenance expenditure per lane-mile from figure B2 by lane-mile

weighted mean annual aadt. We report these data in table B5.

It remains to evaluate κ. As a first step, we evaluate γ, the number of esals per vehicle.

An esal is caused by the passage of a typical tractor trailer rig or about 2000 passenger

cars. Assume a truck share of aadt of 12%, consistent with national averages towards the

end of our study period. In this case, a segment experiences .12 + .88/2000 ≈ 0.12 esals

per average vehicle. A typical design for an interstate segment will withstand 9m esals
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(Mannering et al., 2007). During its lifetime, we expect a road to increase from an initial

iri around 50 to the acceptable/poor threshold of 170. These are q0 and qf . Thus we have

κ = 0.12 × (170 − 50)/9, 000, 000 ≈ 0.0000016 inches of iri per average vehicle. Given this

value of κ, a new segment experiencing an about average aadt of 8000 depreciates in about

26 years.

We use the data in table B5 to evaluate the right hand side of (4.7) in each year from

1992 until 2008 and plot the results in figure 4. The units on the y axis of this figure are

dollars per vehicle mile travelled. Steady state user cost per mile falls from about 33 to

about 19 cents over our 1992 to 2008 study period.

To develop some intuition about this conclusion, table 5 describes a number of counter-

factual results. For reference, the top line of the table describes the baseline case reported

in figure 4. In this case, the user cost in 2008 is 59% of its 1992 value. Panel B reports

initial and terminal steady state user costs when we fix a single quantity at its 1992 level

but otherwise replicate the baseline calculation of user cost. If we fix vmt at its 1992 level,

user cost declines more slowly than in the baseline case, but is still just 82% of its 1992 value

in 2008. If we fix pL, the price of new lane-miles, at its 1992 level, then user cost declines

even more rapidly than the baseline case and user cost is 29% of its initial value in 1992.

The next two results are more surprising. Fixing the price of iri at its initial level has only

a tiny effect on the 2008 user cost, while fixing interest rates at their higher 1992 level not

only undoes the baseline decrease in user costs, but leads to a 2008 user cost that is 160%

of the initial value.

The intuition underlying these results is transparent if we consider the relative magnitudes

of the different terms that make up the right hand side of equation 4.7. If we let o(k) denote

a term of order 10k, then by using table B5 we can evaluate the approximate order of

magnitude of the three terms in the numerator of equation 4.7,

rpLL ∼ o(−2)× o(7)× o(5) = o(10)

rpqqL ∼ o(−2)× o(3)× o(2)× o(5) = o(8)

κpqvmt ∼ o(−6)× o(3)× o(11) = o(8).

The first term of equation 4.7 is about two orders of magnitude larger than the second and

third terms, so we can ignore the second and third terms when thinking about user costs:

only the first term matters. The first term reflects the opportunity cost of lane miles, so it is

the components of this term, pL and r that have the largest impact on user cost. Conversely,
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the opportunity cost of pavement quality and depreciation are not important determinants

of user costs in a neighborhood of observed values.

The second panel of table 5 presents robustness tests. These tests focus exclusively on

different estimates of pL for two reasons. First, we have seen that user costs are sensitive to

this variable. Second, the two other important quantities, vmt and r, are observed directly

but pL is estimated and so is more uncertain.

The three rows of panel C in table 5 each replicate the baseline evaluation of steady state

user costs using a different method to estimate pLt . In our baseline evaluation of equation

(4.7) we rely on prices calculated from column 4 of table 3 and plotted as the solid line

in figure 2. In the top row of panel C, we rely on estimates (not shown) of pL based on

the same specification and sample, but where we instrument for expenditure using lagged

appropriations, as in column 6 of table 3. In the second row of panel C, we rely on estimates

of pL based on column 6 of table 3. In the final row of panel C, we use a locally weighted

linear regression to smooth the annual coefficients presented in figure 2 and estimate pL

from the resulting regression line. Figure B4 shows both the underlying estimations and

the derived price series for each case. Although the level of the user costs varies with our

estimate of pL, the basic conclusion that we draw from the baseline case does not: the steady

state user cost of the interstate fell by about half between 1992 and 2008.

For completeness, figure B6 presents an evaluation of the dynamic equations (4.5) and

(4.6) using the same data as we use to evaluate the baseline steady state case and the par-

ticular functional form for v given in (4.1).30 This figure suggests the following conclusions.

First, our concern about the non-uniqueness of a definition of user costs based on the two

dynamic equations is well founded: the user costs implied by the two equations in each year

are not generally the same. Second, like the steady state baseline, calibrations of both (4.5)

and (4.6) indicate decreasing user costs over time. Third, in the baseline case, both (4.5) and

(4.6) are negative by the end of the study period, so the optimal user cost is a subsidy. This

is an implication of intertemporal arbitrage. The current user cost of a rapidly appreciating

30Evaluating these equations requires that we pick a value for α, the quality elasticity of vmt. We have no
empirical foundation for this choice. One simple calculation suggests that α is likely to be small. Consider a
segment with an iri value of 100, just above the good/acceptable threshold. For this segment, a 1% decrease
is about equal to a one inch change. Such a change is probably almost imperceptible, and it is natural to
suspect that it will elicit a change in travel volume of much less than one percent. This suggests values of α
on the order of 0.1 or 0.01. In our calculations, we use α = 0.1. On the other hand, this tiny elasticity seems
inconsistent with the fact that resurfacing is the largest component of interstate expenditure in 2008. It
seems natural to suspect that α is more in line with the about 0.4 resurfacing share of highway expenditure.
We considered both values of also experiment with this larger value of α. figure B6 shows plots of equations
(4.5) and (4.6) based both values of α.
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Figure 5: Observed user cost per mile based on federal gas tax.
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Note: User cost per mile in 2010USD based on federal gas tax. This user cost is calculated
from the annual total of all user fees and taxes (mainly gas tax revenue) from Highway
Statistics table fe9. We discount this sum by the fraction of all vmt carried by the
interstate as calculated from the sample data. To arrive at a per user mile value, we divide
by total annual interstate vmt.

asset, here lane-miles, is low.

As a final benchmark for our estimates of user cost, we calculate its real life analog. We

start with the annual total of all user fees and taxes (primarily gas tax revenue) from Highway

Statistics table fe9. We discount by the fraction of all vmt carried by the interstate.31

Finally, we divide by total annual interstate vmt to arrive at the (federal) user fee per

interstate vehicle mile travelled. As for panel (b), the y axis is dollars per mile, so this

actual user fee ranges between 1 and 1.5 cents per mile. Comparing figure 5 to 4, we see that

the federal user fee per mile is about one order of magnitude below the level of the steady

state user fee required to rationalize the network in every year of our study period.

10 Conclusion

The interstate is engineered to provide services for generations. Fundamentally, it is an

asset. Moreover, while the benefits of the interstate network are the subject of a now large

literature, its costs have been less well studied. To the extent that an understanding of the

costs of the interstate are important for cost benefit analysis and public finance, this is an

important gap in our knowledge. To fill this gap, we investigate the cost of the interstate

highway system by applying conventional techniques for analyzing the value of long-lived

31We estimate this share annually by using vmt calculations from the hpms sample data. It varies between
25 and 29 percent.
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assets. This leads us to a definition of the cost of the interstate as the user cost per vehicle

mile travelled that rationalizes observed levels of investment. Less formally, it is the highway

toll required to justify current and historical levels of expenditure given the alternative uses

of capital.

This user cost consists of three components; the opportunity cost of lane miles, the

opportunity cost of pavement quality, and depreciation. Using administrative data describing

the road network and expenditures, we estimate the prices of new lane miles and pavement

quality for each of the years in our main 1992-2008 sample. These estimates allow us to

evaluate the user cost of the interstate.

In spite of the fact that resurfacing is now the largest share of interstate expenditure,

only the price of lane miles is important for determining user cost. Over our study period,

this price increased rapidly. In spite of this, user cost fell by nearly half. As the increase

in the price of lane miles was more than offset by a decline in the market rate of return to

capital and an increase in the number of interstate users. In this sense, there is no problem

with the cost of interstate, to the contrary, its cost fell rapidly. This outcome largely reflects

changes in the macroeconomy. If interests rates had not fallen, user costs would have risen

dramatically. Alternatively, had the price of lane miles stayed at its initial level, user cost

would have fallen even further.

The rapid increase in the price of pavement quality appears to be largely a consequence

of increases in materials prices and not a problem with construction productivity. The rapid

increase in the price of new lane miles remains unexplained, although the data do not provide

support for three hypotheses: 1) that the price increase is a pure composition effect resulting

from a shift to more urban construction; 2) that it is a consequence of changing exposure to

union labor; 3) that it is a consequence of exposure to more intensively regulated environ-

mentally sensitive areas. On the other hand, the data suggest that something correlated with

structural number may be to blame. This, in turn, suggests some hard to observe change in

the nature of construction, such as excess scope (i.e. unnecessary or ancillary construction

expenditures).

The increase in the price of lane miles suggests that concern about construction produc-

tivity is warranted. However, the possibility that the price increase reflects a change in way

roads are constructed invites further research on the question, and hopefully, cost-benefit

analyses for any changes in highway construction that come to light.

Our analysis rests on a deliberately stylized description of the benefits of the interstate.

We aim to calculate the level of benefits per vehicle mile travelled that the interstate must
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achieve in order to justify the diversion of so much capital from other productive uses. As

such, we hope our results will be complementary to efforts to study the benefits of the

interstate highway system. Our calculation of an annual user cost and our estimation of

annual prices of lane miles and pavement quality should facilitate more precise cost-benefit

analysis.

Our analysis largely abstracts from the dynamics of investment in the interstate. To

the extent that we have explored these issues, these dynamics appear to be economically

important. The interstate is a scarce and appreciating asset. This is probably the sort of

public investment a country should seek out. The relatively little attention we give to these

sorts of questions reflects practical considerations related to conducting a fully dynamic

analysis. These issues would seem to be natural topics for further research.

Finally, we would underscore the order of magnitude divergence between our estimates

of the user cost of the interstate and user cost implied the current level of the federal gas

tax. This divergence primarily reflects the opportunity cost of lane miles. The actual policy

is intended to, more or less, finance year-to-year expenses. On the other hand, in our

calculation, the largest portion of user cost is the opportunity cost of lane miles. Under

the current policy, nearly the entire return to the country’s generations long investment in

highways is an implicit subsidy to current drivers. Although an analysis of these issues is

beyond the scope of this paper, they would seem to have important implications for welfare

and public finance.
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A Data construction

A.1 Merging HPMS and Highway Statistics

We merge hpms and Highway Statistics data on the basis of the state-year in which expen-

diture and road work are reported. We here describe the details of this process.

Merge of Universe and Highway Statistics Data We begin by describing the merge

of the hpms Universe Data with Highway Statistics, the data we use to analyze new con-

struction. Table A1 describes the initial samples of hpms and Highway Statistics, along with

the estimating sample that results from merging the two data sets.

Our data covers 25 years and 48 states in the continental US, 1200 state-years in all.

In panel A we see that all 1200 state-years are present in both the hpms Universe and

Highway Statistics. Trivially, when we merge on state-year we are left with a sample of 1200

state-years. When we drop ‘impossible’ state-years, those where there is no construction

expenditure and an increase in length, or the converse, we see in column 3 that we lose 29

state-years and are left with a sample of 1171.

Table A1 also reports sample totals for lane-mile-years and aggregate expenditure over

all years. The hpms reports about 5m lane-mile-years and 1.6t dollars of construction

expenditures; these are the integrals of the curves reported in figure 1 (a) and (c). In panel

A we see that the final estimation sample reports all of the expenditure recorded in Highway

Statistics, but drops about 2% of lane-mile years; all of the impossible state-years involve

increases in lane-miles in the absence of expenditure. Together with the similarity of OLS

and IV results reported columns 3 and 5 of table 3, this suggests that mismeasurement of

expenditure is not an important problem.

Merge of Sample and Highway Statistics Data We next consider the merge of the

hpms Sample Data with Highway Statistics. Our data covers 17 years and 48 states in

the continental US, for 816 state-years in all. In panel B we see that all 816 state-years are

present in the Highway Statistics data, but that only 815 state-years are present in the hpms

Sample Data. This is because Virginia did not report hpms Sample Data in 1998. It follows

that when we merge on state-year we are left with a sample of 815 state-years. Of these,

we drop 240, and are left with a sample of 575. This is a loss of 29% of state-years, 28% of

segment-years, 31% of lane-mile-years, and 23% of total resurfacing expenditure.

Of the 240 state-years that we drop, there are nine where the states did not report iri
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Table A1: Description of Merge of hpms and Highway Statistics

All Merge Final
A.hpms Universe 1984-2008

N 1,200 1,200 1,171
Lane Miles 5,012,646 5,012,646 4,929,418
Highway Statistics 1984-200
N 1,200 1,200 1,171
Construction 162,790 162,790 162,790

B. hpms Sample 1992-2008
N 815 815 575
Segments 257,490 257,490 186,055
Lane Miles 3,462,979 3,462,979 2,389,689
Highway Statistics 1992-2008
N 816 815 575
Resurfacing 116,158 116,044 89,393

data. There are two state-years which record neither expenditure nor resurfacing events

(and do not contribute to the estimation of resurfacing effects). There are 12 state-years

that report resurfacing, but no expenditure. These are ‘impossible’ years and reflect a

misreporting of timing of expenditure or resurfacing. This leaves 217 state-years where we

record resurfacing expenditure but no resurfacing events. Table A2 reports more detail.

The hpms Sample Data is a sample and reports on a sample of segments, and resurfacing

events are rare, they affect about 1% of segment years. On the other hand, Highway Statistics

reports all expenditure, not expenditure on sampled segments. This means that we should

expect that states where the rate of resurfacing expenditure is low, will sometimes report

zero under the sampling rule of the hpms Sample Data, even if expenditure is positive.

The fact that a lower share of resurfacing expenditure than state-years are affected by this

problem buttresses this logic. Incompleteness in the way we merge the hpms Sample and

Highway Statistics appears to primarily reflect sampling error in the Sample data.

46



Table A2: Accounting for state-years in merge of hpms Sample and Highway Statistics

N
No missings 575
No expenditure 12
No resurfacing events 217
No resurfacing and no expenditure 2
No iri 7
No iri no resurfacing 2
Total 815

A.2 Correspondence to Brooks & Liscow (2020)

Figure A1: Comparing PR511 and hpms aggregate mileage
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Note: Light gray dashed line is total miles of interstate by year from the PR511 data on
which Brooks & Liscow (2020) is based. Medium gray line is corresponding quality from
the hpms data on which this paper is based. Black line in lane-miles of interstate from the
hpms. All three series are normalized to 1 in 1984, the first year we study. We see that the
two mileage estimates track each other closely. Lane-miles, however, grow more quickly.

We rely on the Highway Performance and Monitoring System data, while Brooks & Liscow

(2020) use the pr511 data. This leads our estimations to differ from Brooks & Liscow (2020)

in three important ways. First, their study period ends in 1992, while ours extends to 2008.

Second, our data reports a long list of segment characteristics, while the PR511 data reports

only length. Third, Brooks & Liscow (2020) do not observe or analyze resurfacing. During

most of our study period, resurfacing is a larger fraction of highway expenditure than new

construction.

Figure A1 compares mileage in the PR511 and hpms data. They match closely. Lane-
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miles, however, grow more quickly than does mileage during our study period. A comparison

of the Brooks & Liscow (2020) expenditure data to ours indicates greater divergence. This

is in part due the fact that they base their analysis on federal expenditures while we rely on

the sum of state and federal expenditure.32

B Supplemental tables and figures

B.1 Resurfacing and IRI

Figure B1: Effect of resurfacing and resurfacing expenditure on iri by year
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Note: x-axis is years, y-axis is inches. This figure reports the results of an estimation of
equation (B.1) and illustrates the effect of resurfacing on the iri of resurfaced segments.
The figure shows a barely discernible trend upwards, so that a resurfacing event leads to a
marginally smaller reduction in iri at the end of the sample than the beginning.

Figure B1 illustrates the evolution of the effect of resurfacing on iri. To construct this

figure, we estimate the regression

∆qjst =
2008∑

τ=1992

Aτ [1jst(τ = t)1jst(q)] + εjst. (B.1)

Because the indicator variable 1jst(q) is zero for any segment year where the segment is not

resurfaced, these coefficients Aτ give the mean change in iri for resurfaced segments by year.

Figure B1 (a) plots these coefficients and 95% CIs based on errors clustered by state-year.

Although we see some variation in point estimates, for the most part, confidence intervals

for the different years overlap. For almost all years a resurfacing event reduces the iri of a

32We are grateful to Leah Brooks and Zachary Liscow for sharing their data for the purpose of this
comparison.
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segment by between 20 and 40 inches per mile. This figure shows at most a small positive

trend so that resurfacing events in 1992 were not much different than in 2008.

Table B3 presents estimates of variants of equation (6.1). Column 1 of Table B3 presents

a regression of segment-year change in iri on an indicator for whether the segment was resur-

faced, a simplified version of (6.1) omitting terms involving time. On average, resurfacing

reduces iri by about 33 inches. Column 2 refines Column 1 by including state-year indicator

variables. Column 3 repeats column 1, but includes segment and state-year indicators. Al-

though the identifying variation in each of these regressions is quite different, the estimated

effect of resurfacing is not.

Column 4 estimates equation (6.1) including the terms involving time. There is a small

positive change in the effect of resurfacing expenditure that is barely distinguishable from

zero. Column 5 replicates the regression of Column 4 while including state indicators. Col-

umn 6 replicates column 4 while including segment indicators. Consistent with the barely

visible trend that we see in figure B1 (a), these regressions indicate a barely detectable trend

in the effect of resurfacing expenditure. In column 6, given the point estimate of about 0.83

on the interaction of time and the resurfacing indicator, the effect of resurfacing decreases

from 43.28 inches in 1992 to 29.17 inches in 2008.

Table B3: Resurfacing and IRI

(1) (2) (3) (4) (5) (6) (7)
1ist(Q) -32.66∗∗∗ -31.94∗∗∗ -34.18∗∗∗ -39.33∗∗∗ -39.31∗∗∗ -37.24∗∗∗ -43.28∗∗∗

(2.02) (1.97) (2.20) (4.57) (4.55) (4.54) (5.24)
t -0.05 -0.04 -0.02

(0.07) (0.07) (0.08)
1ist(Q) × t 0.69+ 0.67 0.55 0.83+

(0.41) (0.41) (0.40) (0.47)
State FE No No No No Yes No No
State-Year FE No Yes Yes No No Yes No
Segment id FE No No Yes No No No Yes
N 186,055 186,054 181,235 186,055 186,055 186,054 181,236

Standard Errors in Parentheses Clustered at the State-Year Level.
+ p < 0.10, ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001.
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Figure B2: Millions of dollars per mile of interstate maintenance expenditure by year.
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Note: Plot of average state maintenance expenditure per lane-mile over time.

B.2 Other supplemental results

Table B4 parallels table 4 and examines the role of composition in the increasing price of

new lane-miles. We estimate the effect of changes in the following variables on the change in

construction costs; grade, elevation, proximity to water, proximity to urban land cover, urban

classification, unionization, aadt, share of new mileage in construction, mean structural

number and, finally, the share of rigid pavement.
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Figure B3: Risk free interest rate
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Note: Dots indicate January average of the 10 year Treasury rate net of the annual
inflation rate calculated from the cpi. Solid line is a local linear regression. Dotted line is
the best linear approximation that yields the values of rt that we use in our calibrations
exercise and report in table B5.
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Table B4: Composition Effects in Construction Costs

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
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IL 0.167 0.049 0.024 0.156+ 0.201∗ 0.121 0.207+ 0.047∗ -0.120 0.009
(0.108) (0.032) (0.046) (0.092) (0.089) (0.074) (0.105) (0.022) (0.167) (0.028)

ILt -0.006 -0.003∗ -0.003 -0.010∗ -0.013∗∗ -0.009∗∗ -0.012∗ -0.003∗∗ 0.011 -0.000
(0.004) (0.002) (0.002) (0.004) (0.004) (0.003) (0.005) (0.001) (0.007) (0.002)

t 0.041 -0.602∗ -0.690∗ -0.525+ -0.276 -0.560 0.371 -0.729∗ -0.367 -0.168
(0.289) (0.284) (0.272) (0.266) (0.337) (0.334) (0.430) (0.313) (0.310) (0.265)

x 2.470 -44.410 0.279 -0.138+ -0.272 2.177 31.373
(6.976) (49.636) (1.326) (0.081) (0.268) (3.403) (23.323)

ILx -0.060 0.000 0.304 -0.483 -0.289∗ -0.004 -0.000+ 0.017 0.028 0.165
(0.057) (0.000) (0.300) (0.371) (0.138) (0.004) (0.000) (0.017) (0.027) (0.118)

ILtx -0.000 -0.000 -0.010 0.029+ 0.019∗∗ 0.000+ 0.000+ -0.000 -0.002+ -0.011+

(0.003) (0.000) (0.011) (0.016) (0.007) (0.000) (0.000) (0.001) (0.001) (0.006)
State FE Y Y Y Y Y Y Y Y Y Y
N 799 1,171 1,171 1,171 1,171 1,171 1,171 1,006 988 988

Note: Standard Errors in Parentheses Clustered at the State Level. + p < 0.10, ∗ p < 0.05,
∗∗ p < 0.01, ∗∗∗ p < 0.001. This table parallels table 4 and examines the role of composition
in the increasing price of new lane-miles. Each column reports an estimate of equation
(6.5). The interaction/composition term used in each column is indicated in the column
heading. Construction is more costly as the share of lane-miles classified as urban increases
and the urban cost premium mean decreases over time. States with greater exposure to
unions or higher mean structural number do not have measurably different costs. States
where union share declines faster see slightly faster cost increases. For all of hpms Grade,
elevation, water proximity, and share of new-miles, we see that the coefficient on the
interaction term ILtx0 is indistinguishable from zero. Structural number and share rigid
are only reported in the Sample data. These data start in 1992 instead of 1984, and so the
sample size for columns (9) and (10) is smaller. Grade is also reported only for a subset of
years.
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Figure B4: Estimates of lane-miles per million dollars of expenditure and of pL
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Note: Panel (a) plots the different regressions that we use to estimate pL. Dots reproduce
mean miles of new construction per million dollars by year from figure 2. The dashed black
line is based on column 3 and is used in our baseline calibration exercise. The solid black
linear fit is based on column 2. The heavy black non-linear curve is constructed by
applying LOWESS to to annual means, i.e., the dots in the figure. The green line is based
on a replication of column 3 of table 3 (not shown) but instruments for expenditure using
lagged appropriations. Panel (b) presents identical information as in panel (a) but
transforms regression estimates of lane-miles per million dollars of expenditure into prices,
millions of dollars per lane-mile by year, using the transformation described in the text.
The dashed black line in (b) matches the values of pL that we report in table B5 and use in
our baseline calibration.
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Figure B5: Estimates of pq
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Note: Three plots of pq calculated from results presented in figure 2 using the
transformation described in the text. Dots are based directly on mean inches of iri per
million dollars by year reported in figure 2. The dashed line is based on the regression
result reported in table 2 column (6) and plotted as the solid straight line in figure 2. This
line describe the price series reported in table B5 and used in our baseline calibration. The
solid heavy line is based on a LOWESS regression that uses the annual mean millions of
dollars per mile by year reported in figure 2 as data, again transformed into prices as
described in the text.

Figure B6: User cost per vehicle mile travelled over time
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Note: (a) User cost of interstate capital per vehicle mile implied by Euler condition (4.5)
(b) User cost of interstate capital per vehicle mile implied by Euler condition (4.6). All
figures rely on the data in table B5. In both panels the solid black line indicates calibration
to actual data with α = 0.1; dashed grey line is α = 0.4.
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Table B5: National variables for the calibration

vmt× 109 Lt qt τ gas r pL × 106 pq mh

1984 350.79 185,108.6 . . 0.054 . . 0.006
1985 366.78 186,723.3 . . 0.053 . . 0.007
1986 388.90 188,257.7 . . 0.051 . . 0.008
1987 413.83 190,627.3 . . 0.049 . . 0.008
1988 435.57 192,557.6 . 0.011 0.047 . . 0.007
1989 458.46 194,128.3 . 0.011 0.046 . . 0.007
1990 475.77 195,470.1 . 0.009 0.044 . . 0.007
1991 486.87 196,727.8 . 0.010 0.042 . . 0.006
1992 503.91 198,103.8 108.57 0.011 0.040 20.25 1,038.5 0.007
1993 522.62 198,654.8 109.48 0.011 0.039 21.02 1,071.9 0.005
1994 542.34 199,429.1 112.49 0.009 0.037 21.85 1,107.4 0.006
1995 561.95 200,617.4 104.17 0.011 0.035 22.75 1,145.4 0.006
1996 580.67 202,051.2 104.50 0.013 0.033 23.72 1,186.1 0.006
1997 598.98 202,696.3 103.86 0.011 0.031 24.79 1,229.8 0.005
1998 621.10 203,407.3 96.07 0.016 0.030 25.95 1,276.9 0.006
1999 639.85 204,643.5 97.40 0.016 0.028 27.23 1,327.7 0.005
2000 655.53 205,697.6 95.56 0.016 0.026 28.64 1,382.7 0.006
2001 668.57 206,328.8 94.43 0.013 0.024 30.21 1,442.4 0.005
2002 685.89 206,905.1 95.24 0.015 0.023 31.96 1,507.6 0.006
2003 700.08 207,355.3 92.85 0.014 0.021 33.92 1,578.9 0.006
2004 714.24 208,194.7 94.30 0.014 0.019 36.14 1,657.3 0.005
2005 723.18 208,755.4 91.99 0.014 0.017 38.67 1,743.9 0.005
2006 730.12 209,471.6 89.94 0.012 0.016 41.58 1,840.0 0.005
2007 733.38 209,982.2 90.74 0.013 0.014 44.96 1,947.3 0.005
2008 713.50 210,751.0 89.70 0.011 0.012 48.95 2,068.0 0.005

Note: Annual values of all variable used in calibration exercise of section 9. L is total
lane-miles. q is system average iri. τ gas is actual gas tax revenue per vehicle mile and
reported in figure 5. r is the real interest rate. pL is millions of 2010usd per lane-mile. pq

is inches of roughness eliminated per million dollars of 2010usd expenditure. m is
non-resurfacing maintenance expenditure per interstate vehicle mile travelled.
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