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The Economic Impacts of Lock 
Delays: Estimation of Logistics Cost 
Impacts 

LLOYD G. AN'ILE 

A review Is presented of survey results from interviews with 107 
shippers and waterway operators who use Lock and Dam 26 on 
the Mississippi River, Gallipolis Lock and Dam on the Ohio River, 
or both. Both locks experience significant congestion-related 
delays when in use. The focus of the survey was to elicit responses 
that indicate the ways that delays affect (a) the economic costs of 
shippers and operators, and (h) the adaptive responses of man
agers in both kinds of enterprises. The survey results suggest that 
the variability of delays may have more profound economic costs 
than average delays. Therefore, investigation of inventory-related 
methodologies appears warranted. 

Ever since the economic analysis of alternatives to expanding the 
capacity and replacing Lock and Dam 26 on the Mississippi River 
was presented in the 1960s, a continuing debate has occurred. The 
applicability of congestion tolls-to correct some of the externally 
imposed waiting-time costs and to seek an efficient equilibrium 
use of a congested facility-has been offered by several 
researchers including Lave and DeSalvo (1), Hanke and Davis (2), 
and Shabman ( 3 ). The proper analysis to obtain an efficient con
gestion toll goes along with the policy arguments by Howe et al. 
(4), and Case and Lave (5). The debate about an effective and 
efficient methodology for estimating the relationship between 
delays (from any source including congestion) and the economic 
demand for barge transport continues in one direction. 

It is the contention of this paper that the methodology used by 
the U.S. Army Corps of Engineers (Corps), which primarily relies 
on transport cost differentials between barge and alternative 
modes, should consider the time-costs of delay by including the 
impacts of the variability of delays on inventory costs of shippers. 
In the current Corps methodology, delays add cost to barge trans
port by a linear increase of tow-operator costs times the expected 
delay time. If the expected delay time at a given lock is 8 hr, the 
added costs of each tow transiting the lock would be increased by 8 
times the average hourly tow-operating cost. These costs are added 
to the barge-transporting costs for each shipment using the lock 
and compared to the shippers cost of transporting the shipment by 
the next more expensive mode of transport, generally rail. If the 
cost of shipping by barge exceeds the cost of shipping by the 
lowest cost alternative, the shipment is diverted to the lowest cost 
mode. Therefore, the existing methodology to evaluate the eco
nomic impact of delay fundamentally rests on cost differences 
derived from expected delay. The added costs are assumed to be 
passed through to shippers. If these increases reduce the barge 
shippers' cost savings over the next best alternative to zero, it is 
assumed that the shipper diverts to the least costly alternative 
mode. The methodology allows for the increased inventory-carry-

Navigation Division, U.S. Anny Engineer Institute for Water Resources, 
Casey Building, Fort Belvoir, Va. 22060-5586. 

ing cost during transit (using expected delays) to be included in the 
analysis. If towing firms pass only expected delay costs to the 
shipper, and if there are no additional diseconomies to the shipper, 
this methodology should provide an accurate assessment of the 
economic impact of delay. Benefits that measure the expected 
delay would equal the value of the delay cost reductions passed 
along by the towing company, plus the net savings available to 
shippers who would otherwise divert to another mode. 

EXISTING METHOD 

Each lock can be characterized by its capacity, which is deter
mined by lock dimensions, and the associated maximum tow size 
and the amount of time required to transit the lock. Every lock can 
therefore transit a maximum upperbound of tows in any given time 
interval. If tow arrival is random, delays will occur as a result of 
queueing at traffic levels lower than maximum capacity. Assuming 
a Poisson arrival rate and a uniform pricing rate, a hyperbolic 
delay function will result. The delay function will increase monot
onically as capacity is approached. The existing project with 
Capacity C1 and Delay Function D1, as well as a potential expan
sion project with Capacity C2 and Delay Function D2 are shown in 
Figure 1. The delay functions can be converted into supply (aver
age cost) functions to determine the equilibrium level of traffic that 
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FIGURE 1 Lock delay functions. 
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would transit the lock and the benefits that would be attributable to 
a facility that increases capacity. The demand for barge transporta
tion at the lock determines equilibrium traffic levels and resulting 
benefits given to the supply functions. In short, the demand func
tion is assumed to represent the savings available to each shipper 
who would use the lock; that is, the net transport cost (including 
expected delays) by waterway subtracted from the net transport 
cost (including expected delay) for the next higher cost transport 
mode. Therefore, the demand function shown in Figure 2 reflects 
the cumulative tonnage that could transit the lock arrayed from 
shipments with the highest savings to shipments with the lowest 
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FIGURE 2 Benefits from increase in capacity. 

savings, and the supply curves represent the effects of the delay 
function shown in Figure 1. The nonproject equilibrium traffic is 
OQ2, with delay cost OP2• Measures that would reduce delay costs 
to OP1 would generate cost reduction benefits, Q2 x (P2 - P 1), 

and shift of mode benefits, (P2 - P 1) x (Q1 - Q2)/2. In a gen
eral form this model can be written as: 

(1) 

where 

quantity demanded for shipment by barge, 
transport rate of alternative and barge, and 
carrying costs during transit by alternative and by 
barge. 

In this model carrying costs during transit and barge-transport 
costs are directly affected by delay. The critical assumption is that 
both impacts can be estimated from changes in expected delay. 

OTHER MODELS OF THE ECONOMIC IMPACT OF 
DELAY 

Inventory theoretic models based on the path-breaking work of 
Baumol (6) suggest that delay could provide a stronger economic 
impact on shippers via the influence of delay on increased inven
tory levels, in addition to the added costs of barge operation and 
carrying costs during transit. Baumol's model of transport demand 
includes (a) inventory levels required to satisfy the economic 
penalties of stock out, (b) ordering costs, and (c) costs of on-site 
inventory storage and management. A cost minimization policy by 
shippers would consider these costs, in addition to costs during the 
transport leg of the logistics process. For the purpose of this 
discussion, the Baumol model can be written as follows: 

Db= Jf.(Ra - Rb) + (ITCa - ITCb) + (Oa - Ob) 

+ stock out penalty + (/SC a - !SC b)] (2) 

where oa and ob are order costs by alternative mode and barge, 
and the stock-out penalty is a nonlinear function of the probability 
of stock out; and /SC a and /SC b are the shippers on-site costs for 
storage, pilferage, inventory management, and so on. 

In Equation 2, all of the terms are influenced by delay except 
order costs. The model is turned into a logistics cost model as 
follows: 
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Cost = Qb[(Ra - Rb) + (ITC a - ITCb) + (0 a - Ob) 

+ stock out penalty +(/SC a - ISCb)] (3) 

Cost minimization behavior would result in the combination of 
mode selection, shipment size, and on-site inventory policies that 
produce the lowest total logistics cost. Delays could perturb every 
term in the cost function. 

Benefits from reduction in delay would be equal to savings 
because of the reduction of inventory required to avoid or reduce 
stock-out impacts, reductions in the cost of inventory storage and 
maintenance resulting from reduced delay, and reductions in order 
costs, in addition to the reduction in towing costs and carrying 
costs during transit. 

A fairly contentious debate between proponents of each meth
odology has evolved. [See Crew and Horn (7), and Nason and 
Kullmun (8).] A vigorous discussion is desirable, because imple
mentation of the inventory theoretic models would increase study 
costs and could delay study schedules. It can also be argued that 
the economic context of shippers using waterway transportation is 
different from shippers using other transport models. Barge ship
pers move large loads of bulk materials long distances. The rela
tively low value of the product shipped, low spoilage rate during 
traJ1sit, ai"'ld low on-site storage costs all reduce tJ1e L+nportai,ce of 
inventory costs as compared to high value, high spoilage risk, as 
well as expensive inventory storage and inventory management 
costs typical of ma.1y mar1ufactured products t.1.at normally use 
other modes. 

Because the choice of methodologies has a potentially signifi
cant study cost and study-schedule impact, the choice of a pre
ferred methodology should be based on careful analysis of the 
risks, costs, and benefits of the competing methodologies. There
fore the debate is useful to the Corps and to the various shipper and 
towing industry groups whose economic welfare may be affected 
by the choice of methods. Basically, the proponents of the inven
tory theoretic-logistics cost methodologies argue that important 
potential economic benefits from reduced delays are not included 
by the traditional method. The opposing arguments are that logis
tics cost-based benefits are relatively small and that there is limited 
statistical evidence of significant differences in benefits due to 
properly estimated logistic cost models as compared to the tradi
tional model. Further they argue that the cost of obtaining good
quality data for the logistics model are likely to be substantially 
higher than the traditional model. 

A recent study based on interviews of 75 shippers and 33 towing 
companies using Lock and Dam 26 and Gallipolis Lock has been 
completed by Brown Associates for the U.S. Army Engineers 
Institute for Water Resources, Fort Belvoir, Virginia (1984 ). The 
sample was drawn from the shippers and carriers who shipped or 
hauled a substantial fraction of the traffic using these locks. The 
following section summarizes the major findings from the inter
views. 

STUDY RESULTS 

The interviews were designed to reach decision makers of shipping 
and barge companies and to elicit both data and opinion about the 
economic impacts of lock delays over a period of years. The 
following key points came from the interviews: 

1. Barge operators attempt to pass forward the expected delay 
costs, subject to market conditions. At the time of the interviews 
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(summer or fall of 1984) most barge operators were operating in 
precarious financial circumstances following a sharp decline in 
traffic in recent years due to the business cycle. In many cases, it is 
not possible to pass delay costs along to shippers. 

2. Barge operators and shippers have responded to large delays 
with revised scheduling of shipments and equipment, increased 
barge loading, increased back haul, and several other measures that 
have the effect of moderating the economic penalties of delay. 

3. Shippers apparently respond both to expected delays and to 
the variation of delay time. Variation of delay does affect on-site 
inventory levels and associated costs. 

4. Both barge operators and shippers are aware of considerable 
variation in delay times. 

5. Barge operators imply that variance in delay time can affect 
their equipment and labor utilization. 

6. An adaptive response by both shippers and barge operators 
acts to mitigate the economic costs of delay and reduce total delay. 
The precise adaptive response is not obvious from the information 
gathered in the survey. 

A more thorough analysis and report on these interviews will be 
prepared and published later. 

PROPOSED RESEARCH 

At this time, two additional tasks are underway. First, data on 
delays in the national lock performance monitoring system (PMS) 
data base for all Corps-operated locks are being analyzed to 
determine the extent and statistical quality of the variation in 
delays that have been experienced across the inland waterway 
system. If the data support a finding that there is a considerable 
variability in delay, an incursion into logistics models may be 
warranted. 

A move to test various logistics models with emphasis on the 
impact of variability of delay on shipper inventory levels, inven
tory storage, and management costs would be a logical step. The 
strategy would seek the simplest forms of adequate logistics mod
els. 

Second, in anticipation of a move in this general direction, 
research on matching inventory models from the operations 
research to the primary logistics characteristics of (a) utilities (the 
primary coal user), (b) primary metals manufacturing and distribu
tion, (c) chemical manufacturers, and (d) grain-marketing and 
grain-processing firms are underway. This screening process will 
provide an improved basis for predicting costs of additional 
research and testing, which would be needed to develop (a) a 
practical methodology that includes logistics costs, and (b) better 
evidence on the data bases that would be required to implement the 
methodology. 

Corps studies and research have generally shrugged off logistics 
models when they are based on expected delays. The evidence is 
that an approach based on expected delays would generate limited 
additional information on the economic aspects of delays over the 
traditional model. However, a shift to emphasize variability of 
delay would appear to add considerable information on economic 
impacts. Whether the added benefits exceed the added costs will 
depend on actual experience in Corps studies. 

SUMMARY 

Questionnaire responses from shippers (N = 74) in the study are 
summarized as follows: 
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• Main reason for shipping by selected mode = cost (84 to 99 
percent). 

• Anticipate shift of mode (5 percent). 
• Estimate of future traffic: no change (75 to 77 percent), up to 

10 percent increase (8 to 10 percent), 10 to 20 percent increase (7 to 
9 percent), and more than 20 percent increase (4 to 6 percent). 

• If waterway were not available: shift modes (64 percent), shift 
0-D (27 percent), go out of business (6 percent), and other (4 
percent). 

• Locks that cause congestion delays: Lock and Dam 26 (65 
percent), Gallipolis (27 percent), and other locks (Lock and Dam 
51 and 52, Lock and Dam 7 and 8, and others) (39 percent). 

• Importance of level or variability in delays: variability (49 
percent), level (28 percent), and same (9 percent). 

• Sources of data on delays: communication with carrier (71 
percent), grapevine (36 percent), Corps data (28 percent), and 
transit time and delay reports (15 percent). 

• Steps taken to minimize impact of delay: adjust production 
schedule to reflect delay (65 percent), divert to other modes (41 
percent), and divert to other markets (30 percent). 

The results of carrier interviews (N = 33) are summarized as 
follows: 

• Where delays are experienced: Lock and Dam 26 (73 percent 
carriers and 65 percent shippers), Gallipolis (58 percent carriers 
and 27 percent shippers), and other (24 percent carriers and 39 
percent shippers). 

• Average length of delay (1983): high (31 percent at Lock and 
Dam 26 for 58.4 hr and 22 percent at Gallipolis for 37.3 hr), 
medium (28 percent at Lock and Dam 26for15.0 hr and 3 percent 
at Gallipolis for 12.0 hr), low (33 percent at Lock and Dam 26 for 
2.5 hr and 21 percent at Gallipolis for 1.4 hr), and an overall 
average delay of 14.5 hr at Lock and Dam 26 and 5.8 hr at 
Gallipolis. 

• Locks causing congestion: Lock and Dam 26 (73 percent), 
Gallipolis (58 percent), and other (24 percent). 

• Anticipated trends: more backhaul (42 percent), more con
tract rates (37 percent), and more barge trading (30 percent). 

• Importance of level of delay or variability: level (49 percent), 
variability (36 percent), and both (15 percent). 

• Accuracy of prediction: 69 percent highly confident on level 
of delay, and 39 percent highly confident on variability. 

• Importance of lock congestion to operation: 64 percent very 

important or important. 
• Sources of data on congestion delays: grapevine (94 percent), 

communication with carriers (90 percent), transit delay report (79 
percent), corps lock delay data (7 percent), and vessel logs (5 
percent). 

• Impact of lock congestion on operations: fuel consumption 
and tow speed (94 percent), tow scheduling (79 percent), transit 
time (52 percent), and equipment and labor utilization (46 per
cent). 

• Influence of lock congestion on mode choice: linehaul rates 
(70 percent), other costs (36 percent), and diversion to other modes 
(36 percent). 

• Method for incorporating lock congestion into long-term con
tract rates: inclusion in base rate (94 percent), and absorption by 
towing company (94 percent). 

• Steps taken to minimize lock congestion impacts: absorbed 
costs (88 percent), changed schedules (73 percent), increased rates 
(70 percent), increased tow size (36 percent), increased barge 
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loading (15 percent), changed fleeting location (15 percent), 
increased backhaul (12 percent), and other (8 percent). 
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A Comparison of Regulated and Exempt 
Towing Rates on the Inland Waterways: 
Implications for Deregulation 

KEVIN H. HoRN AND WILLIAM H. HUNEKE 

During the wave of recent federal legislation that culminated in 
airline, trucking, and railroad deregulation, the status of the shal
low draft barge industry remained unchanged. Except for voiding 
the mixing rule and the rule-of-three prohibitions in the early 
1970s, legislation regulating the barge industry under the Trans
portation Act of1940 is unchanged. Moreover, no significant inter
est has been expressed in deregulating the small amount of barge 
commerce handled by common and contract carriers subject to 
Interstate Commerce Commission (ICC) regulation. A number of 
events have occurred, however, that have begun a defacto 
deregulation of the common carrier segment of the barge industry. 
The ICC stopped requiring carriers to file financial reports. Barge 
companies have virtually ceased to collectively make and publish 
rates for regulated commerce through the Waterways Freight 
Bureau (WFB). Most common carrier barge operators have 
obtained contract carrier-operating authority. It appears that the 
relatively small volume of regulated barge-industry traffic is no 
longer handled under common carriage and published rates. 

During the wave of recent federal legislation that culminated in 
airline, trucking, and railroad deregulation, the status of the shal
low draft barge industry remained unchanged. Except for voiding 
the mixing rule and the rule-of-three prohibitions in the early 
1970s, legislation regulating the barge industry under the Trans
portation Act of 1940 is unchanged. Moreover, no significant 
interest has been expressed in deregulating the small amount of 
barge commerce handled by common and contract carriers subject 
to Interstate Commerce Commission (ICC) regulation. 

A number of events have occurred, however, that have begun a 
defacto deregulation of the common carrier segment of the barge 
industry. The ICC stopped requiring carriers to file financial 
reports. Barge companies have virtually ceased to collectively 
make and publish rates for regulated commerce through the Water
ways Freight Bureau (WFB). Most common carrier barge opera
tors have obtained contract carrier-operating authority. It appears 
that the relatively small volume of regulated barge-industry traffic 
is no longer handled under common carriage and published rates. 

OBJECTIVES 

A comparison of regulated and exempt barge rates is presented, 
which may indicate the extent of regulation. An analysis of the 
regulated rate structure is included. In addition, the results of this 
study win enable improvement of tow-cost parameters in the 
Association of American Railroads' (AAR) barge cost model. 

K. H. Hom, University of North Florida, Transportation and Logistics, 
4567 St. Johns Bluff Road, S. Jacksonville, Fla. 32216. W. H. Huneke, 
Association of American Railroads, Intermodal Policy Division, 50 F. St., 
N.W., Washington, D.C. 20001. 

The need for revised tow-cost parameters was revealed during 
1983 research on observed barge rates for specific movements 
compared to tow costs generated by the model. The model com
putes costs for entire barge tows and individual barges. Dedicated 
towing assumes the equipment only serves a particular shipper in 
integrated tows. The model computes optimal towload and tow 
size based on the annual volume of the shipment. The model then 
estimates the movement costs based on hourly tow costs and tow 
speeds. General towing assumes the shipper is moving just a single 
bargeload. A tow-cost factor by waterway segment is used to 
determine general towing costs, which have been based on regu
lated towing tariffs. The results of the 1983 research indicated that 
dedicated tow costs ranged within ±20 percent of collected rates, 
but general tow costs were unrealistically high. They were usually 
2 to 2.5 times the dedicated tow costs. The model's general tow
cost parameters clearly needed revision. 

REGULATED AND EXEMPT RATES 

This revision required an analysis of the towing rate structure. 
There are three categories of for-hire carriers providing towing 
services on the inland waterways: (a) common, (b) contract, and 
(c) exempt. Common and contract carriers are subject to regulation 
under Title 49, United States Code (U.S.C.), Interstate Commerce 
Act. The ICC grants these carriers licenses to provide for-hire 
movement of regulated, nonbulk, nonliquid cargoes. Dry bulk and 
all liquid cargoes are exempt from regulation. Almost all barge 
traffic is exempt from regulation. Only about 6 percent of barge 
commerce is subject to ICC jurisdiction. 

Common carriers have collectively set rates on regulated com
modities through the Waterways Freight Bureau (WFB). Member
ship in the WFB has varied. Currently the WFB consists of 11 
common carriers. Except for The Ohio River Company, common 
carriers belonging to the WFB have historically handled about 90 
percent of the regulated commerce on the inland waterways. WFB 
rates, rules, regulations, and classifications are published and filed 
with the ICC. The Ohio River Company withdrew from the WFB 
and independently published its own tariff for regulated com
modities in 1982. 

Barge transportation can be performed under towing or afreight
ment. Towing refers to the movement of barges by a vessel. Pure 
towing involves the movement of barge equipment not owned or 
controlled by the tower. The barges may be owned by a shipper or 
another barge operator. In addition to "tramping" when towboats 
move third-party barges on demand, operators engage in extensive 
towing for each other under contracts, exchanges, and reciprocal 
agreements. For example, most major barge lines serve Missouri 
River points through two or three major towing operators who 
specialize on the river. The same situation exists for other light-
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density waterways such as the Monongahela, Allegheny, Kan
awha, Tennessee, and Tombigbee rivers. 

Towing can be from fleet to fleet or dock to dock. Most towing 
rates are quoted to and from river fleeting areas. The barge owner 
is responsible for additional costs to switch the barge between 
docks and fleeting areas. Switching costs vary from location to 
location, usually between $50 to $200 for each repositioning of the 
barge between fleeting, loading, unloading, and cleaning areas. 
Unlike towing, afreightment is used to describe the dock-to-dock 
movement of commodities in barges provided by the towing com
pany. Most towing on the inland waterways is afreightment, that is, 
the barges are provided by the tower. The term afreightment is not 
generally used except in tariffs. Towing for most operators with 
equipment is regarded as synonymous with afreightment. Strictly 
speaking, however, towing and afreightment represent different 
circumstances with respect to barge ownership and placement at 
docks and fleeting areas. 

METHODOLOGY 

Towing and afreightment rates were developed from three sources: 
(a) tariffs applil:abk lo regulale<l 1.:011uno<lilies, (b) tow costs com
puted by the AAR barge cost model, and (c) tow-operator rate 
quotations. 

Supplement 200 to WFB Freight Tariff 108-F, Local, Joint and 
Proportional All-Water Rates on General and Specific Com
modities in Bargeloads, effective January 1, 1984, was used to 
develop regulated afreightment rates. The WFB tariff is freight of 
all kinds (FAK) for all regulated commodities. All rates are quoted 
between river points. Therefore, rates do not vary by direction or 
commodiry. 

The Ohio River Company Local Freight Tariff ORCO 100, 
Naming Ali-Water Rates on Commodities in Bargeioads Aiso 
Rates for Towage on Loaded and Empty Barges and Waterway 

regulated towing rates. ORCO 100 has FAK rates between major 
river points, commodity rates for iron and steel, scrap, and so on, 
to and from specific major river points, and towing charges for 
loaded and empty barges between major river points. ORCO 100 
does not have rates for traffic on rivers not served by The Ohio 
River Company such as the Tombigbee, and does not contain rates 
for the Upper Mississippi River. ORCO 100 contains a comprehen
sive list of geographical points and waterway distances. 

Regulated rates were obtained from the WFB and ORCO tariffs 
for major river segments and commodity flow patterns. Barges 
were assumed to be jumbo size (195 X 35) with 1,400-ton payload 
in the absence of lower minimum-tariff provisions. Regulated rates 
in dollars per ton were compiled for major waterway segments and 
intersegment commodity flows. In addition, ORCO commodity 
point-to-point rates for iron and steel, scrap, and other specific 
commodities such as lumber were tabulated for major river points. 

The per ton tariff rates were converted into mileage rates as 
dollars per barge mile (see RT and RA in Tables 1 and 2). The 
WFB and ORCO rates were multiplied by minimum shipment 
tons. The product was divided by waterway distances computed 
from the ORCO tariff to obtain rates expressed in dollars per barge 
mile. The river distances for traffic between the Gulf Intracoastal 
Waterway west of New Orleans and the Mississippi River System 
were calculated via New Orleans instead of the Port Allen cutoff. 
Flat towing charges for loaded and empty barge·s between major 
waterway points were compiled from the ORCO tariff. Towing 
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charges were divided by river distances to obtain towing rates per 
barge mile. 

AAR computed costs per ton for standard configurations of 
towboat horsepower and barges operated on major river segments. 
The barge cost model was used to estimate total costs for towing 
and afreightment assuming 100 percent empty backhaul. These 
costs include a competitive return on average replacement cost of 
equipment. Model output was converted into dollars per barge 

mile based on 1,400 tons per barge. Tables 1 and 2 also give the 
towing and afreightment costs per barge mile developed from the 
model output (MT and MA in the tables). 

COMPARISON OF TARIFFS AND AAR MODEL COSTS 

A comparison between regulated tariff rates and the AAR model 
towing costs shows the model costs are about one-half of the 
tariffs. The Tennessee River movements tend to be the only serious 
outliers. The longer hauls are more tightly packed around 50 
percent. 

The relationship between afreightment costs estimated by the 
AAR model (MA) and regulated general commodity FAK rates 
from the WFB tariff (RA) is shown in Tables 1 and 2. Intrasegment 
river movements exhibit a wide scatter in the ratios of costs 
estimated by the model and regulated rates. The model costs are 
generally two-thirds of tariff rates. The widest divergence between 
model costs and regulated tariff afreightment rates occurs for very 
short haul movements such as Peoria to St. Louis, Cincinnati to 
Louisville, St. Louis to Cairo, and New Orleans to Mobile. It 
appears that the model may understate afreightment costs per mile 
for short distances because incidental terminal costs associated 
with switching and fleeti.J1g are excluded. 

The contention is supported by the relationship between model 
costs for afreightment and regulaLe<l afreighLment rates for inter
segment river shipments in Table 2. The spread between costs and 
t1.J-r~ff T"-.JtPC' ~C' oPnPYQ11v TH11rrnu1Pr MnrlPl rnc;;:.t~ fnr -rnnvP.mP.nt ............... .._..._ ........................... 0 .......................... ,/ ................. ~ .. _.._, ... , ... ____ ----- --- ---- --------

between the Upper Mississippi and Ohio are 10 to 20 percent 
greater than tariff rates. In most other instances model costs are 10 
to 20 percent less than regulated rates. 

AFREIGHTMENT AND TOWING RATES 

The relationship between regulated afreightment rates (RA) and 
regulated towing rates (RT) for intrasegment and intersegment 
river movements is also given in Tables 1 and 2. Tariff afreight
ment rates for intrasegment river movements are usually greater 
than tariff towing rates. The greatest spread between afreightment 
and towing exists for short lengths of haul such as Peoria to St. 
Louis, St. Louis to Cairo, New Orleans to Mobile, and Nashville to 
Paducah. The larger spread probably reflects the incidental switch
ing costs associated with dock-to-dock movements that must be 
spread over relatively short distances. In Table 2 the relationship 
between regulated afreightment and towing rates reflects relatively 
long haul movements. Afreightment rates are consistently less than 
towing rates except for Houston to Memphis. 

The relationship between regulated afreightment and towing 
rates does not permit a clear distinction to be made between the 
different services. Moreover, a relationship between exempt 
afreightment and exempt towing rates quoted by operators does 
not exist. Towing rates are not necessarily less than afreightment 
rates. Because most main-line intersegment river towing is per-
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TABLE 1 TOWING AND AFREIGHTMENT RATES IN DOLLARS PER BARGE 
MILE (Intcrsegmcnt) 

origin Dest. Miles RT RA MT MA MT/RT MA/RA RA/RT 
( l) ( 2) l3 J ( 4) 

Chicago St.Louis 363 23.53 23.29 10.61 13.61 0.45 0.58 0.99 

Min'pls St.Louis 673 23.53 15.48 9.47 12.17 0.40 0.79 0.66 

Dubuque St. Louis 399 23.53 19. 72 9.54 12.25 0.41 0.62 0.84 

Peoria St.Louis 201 20.28 29.95 10.52 13. 51 0.52 0.45 1. 48 

Pit'bgh Cin'cti 470 15.81 16.68 10.13 13. 0 2 0.64 0.78 1.06 

Pit'bgh Lou'vle 604 15.19 18.94 10 .11 13.00 0.67 0.69 1. 25 

Cin'cti Lou'vle 134 25.81 38.87 10.03 12.96 0.39 0.33 1. 51 

Cairo N.Orl'ns 859 10.65 11.25 5.72 7.95 0.54 0.71 1.06 

st.Louis Cairo 180 21. 69 32. 36 6.69 9.33 0 .31 0.29 1. 49 

st.Louis N.Orl'ns 1039 12.56 10.91 5.69 8.18 0.47 0.75 0.87 

Memphis N.Orl'ns 641 11. 08 12.89 5.72 7. 9 5 0.52 0.62 1.16 

Houston N.Orl'ns 402 17.0l 19.22 12 .12 14.18 0. 71 0. 74 1.13 

N.Orl'ns Mobile 163 17.01 31. 95 10.99 13.40 0.65 0.42 1. 68 

Nash'vle Paducah 196 13. 28 26.28 20.36 24.32 1. 53 0.86 2 .13 

Gunt'vle Paducah 358 14. 79 18.26 12.83 15.29 0.87 0.84 1. 23 

Chat'nga Paducah 464 14.18 16.17 8.69 11.16 0.61 0.69 1.14 

Knox'vle Paducah 648 13.98 17.33 9.81 12.27 0.70 0. 71 1. 24 

( 1) RT--Regulated Towing. Local Tariff ORCO 100, The Ohio River 
company; Cincinnati, Ohio; Effective December 2 2, 1982. 

(2) RA--Regulated Afreightment. Supplemental 200 to Freight Tarriff 
106-F, Local, Joint and proportional All-Water Rates on General and 
Specific Commodities in Bargeloads, Waterways Freight Bureau; 
Fairfax, Virginia; Effective January 1, 1984. 

(3) MT--Model Towing. AAR Barge Cost Model. 

(4) MA--Model Afreightment. AAR Barge Cost Model. 
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formed by barge operators, towing rates are usually similar to 
afreightment rates as a result of the following: (a) barge operators' 
equipment may be fully employed, therefore no excess capacity 
exists in available tows; or (b) barge operators may discriminate 
against towing to provide incentives to shippers to use carrier 
barges. 

engineering standard (drag coefficient) for a jumbo 195 x 35 fully 
loaded barge commonly referred to as equivalent barge mile. 
Empty barges are estimated to have 70 percent of the draft coeffi
cient of a loaded barge. Towing rates are a function of barge 
loadings for most major waterways in terms of mills per ton-mile 
or dollars per ton. Specialized waterways, however, tend to have 
flat charges per barge regardless of weight. The flat charges are 
usually quoted in terms of hourly towing rates for small rivers such 
as the Arkansas or flat rates for tramp towing on the Lower 
Mississippi. 

TOW-OPERATOR RATE QUOTATIONS 

Exempt towing and afreightment (towing) vary primarily by river 
segment. The principal factors affecting rates were tow size and 
speed. Where river operating conditions are similar, exempt rates 
are nearly equal. For example, similar tow sizes and speeds on the 
Illinois and Upper Mississippi rivers are reflected in nearly identi
cal rates. Direction of the tow (up or down) does not usually affect 
rates on slack-water rivers. The Missouri and Lower Mississippi, 
however, have different rates for loaded barges by direction. Up
bound tows moving against the current have lower speeds and 
higher operating costs. Consequently, up-bound towing rates are 
higher than down-bound rates. 

Exempt towing rates are quoted in mills per ton-mile, dollars per 
barge mile, dollars per ton, or flat rates per barge. Rates differ for 
loaded and empty barges. Generally, empty barges are handled at 
70 to 80 percent of loaded barge rates. This relationship reflects an 

Estimated market rates for afreightment and towing on the 
Mississippi River system are given in Table 3. No distinction is 
made between pure towing and afreightment because of the small 
role of towing- and barge-operator emphasis on afreightment. Pure 
towing rates could be greater or less than the rate factors in Table 3 
depending on supply and demand for towing services. The rate 
factors in Table 3 do not reflect current rates, which are between 5 
to 20 percent less than Table 3 because of weak demand for barges. 
All rates in Table 3 are for jumbo barges (195 x 35). Barges with 
a length between 200 to 250 ft would be assessed rate factors 50 
percent higher than standard jumbo barges. Barges exceeding 250 
ft would be assessed rate factors 200 percent higher than in Table 
3. 

Regulated rates are considerably higher than exempt rates. For 
example, on the Ohio River regulated tariff towing rates for loaded 



8 TRANSPORTATION RESEARCH RECORD 1088 

TABLE 2 TOWING AND AFREIGHTMENT RATES IN DOLLARS PER BARGE 
MILE (Interscgment) 

Origin Dest, Miles RT RA MT MA MT/RT MA/RA R .. /RT 
( ll ( 2) ( 3) ( 4) 

Chicago N.Orl'ns 1401 15.42 11.17 6.44 9.93 0.42 0.89 0.72 

Min'pls N.Orl'ns 1711 15. 4 2 10.29 7,56 10 .02 0.49 0.97 0.67 

Chicago Pit'bgh 1524 17.40 11. 72 10.12 13. 03 0,58 1.11 0.67 

Min'pls Pit'bgh 1834 17.40 10.81 9. 7 9 12.59 0.56 1.16 0.62 

St.Louis Pit'bgh 1161 15.48 11.66 9.97 12.83 0.64 1.10 0.75 

N.Orl'ns Pit'bgh 1840 12.62 9.43 8,07 10. 6 5 0.64 1.13 0.75 

Houston Pit'bgh 2241 13.41 11. 20 8.40 10.71 0.63 0.96 0.84 

N.Orl'ns Lou'vle 1238 12.39 10.20 7.06 9.49 0.57 0. 9 3 0.82 

Houston Lou'vle 1640 13. 52 12.41 7.76 9.84 0.57 0.79 0.92 

Chicago Memphis 761 20.92 15.16 8.87 11.59 0.42 0.76 0.72 

Min'pls Memphis 1071 20.92 12.60 8,65 11. 25 0.41 0.89 0.60 

Houston Memphis 1043 13. 37 15.33 7.07 9.10 0.53 0.59 1.15 

Pit'bgh Memphis 1199 14.64 11. 06 9.32 12.10 0.64 1. 09 0.76 

Chicago Chat'nga 1054 19.46 17.39 9.50 12.21 0.49 0.70 0.89 

Min'pls Chat'nga 136-1 19 .-16 14. 97 9.19 11.80 0. 4 7 0 . 19 o . 1n 

Chicago Cin'cti 1054 19.34 10.03 10.12 13. 02 0.52 1. 30 0.52 

Min'pls Cin'cti 1364 19.34 11. 82 9.67 12.44 0.50 l.05 0.61 

N.Orl'ns Cin'cti 1370 12.46 9.99 7.60 9.84 0.61 0.98 0.80 

Houston cin'cti 1772 13 .50 12.09 7.94 10.09 0.59 0.83 0.90 

Chicago Houston 1803 15.77 12.97 7.83 10.16 0.50 0.78 0.82 

(l) RT--Regulated Towing, Local Tariff ORCO 100, The Ohio River 
Company; Cincinnati, Ohio; Effective December 22, 1982. 

( 2) RA--Regulated Afreightment. supplemental 200 to Freight Tariff 
106-F· 1 Local, Joint and 

.... _____ .. ~ ___ , 

.t"LupuL 1-J.UllQ.L :i.11-water n.~te~ _,, General and 
Specific Commodities in Bargeloads, Waterways Freight Bureau; 
Fairfax, Virginia; Effective January 1,1984. 

(3) MT--MODEL Towing. AAR Barge Cost Model. 

(4) MA--Model Afreightment. AAR Barge Cost Model. 

barges are approximately 6.9 mills per ton-mile compared to 
exempt rate quotations between 3.5 to 4.0 mills per ton-mile. 
Regulated tariff rates for empty towing on the Ohio River are 
nearly $6.00 per mile compared to exempt rates of $3.00 to $4.00 
per mile quoted by operators. 

TABLE 3 EXEMPT TOWING RATES FOR AFREIGHTMENT 

COMPARISON OF EXEMPT AND REGULATED RATES 

Regulated and exempt afreightment rates along with the AAR 
model cost estimates are presented in Table 4. The exempt rates 
were developed in the following manner: assuming a 1,400-ton 
barge and empty backhaul, 1,400 multiplied by the appropriate 
segment mills per ton-mile plus the dollars per barge mile for 
empty backhaul towing on the particular segment. For example, 
the towing rates for a 1,400-ton barge between Minneapolis and St. 
Louis with an empty backhaul are 1,400 times 4.5 mills per ton
mile, which equals $6.30 per barge mile plus $4.00 per mile empty 
return, which equals $10.30 round trip rate per barge mile. The 
afreightment rates and the AAR model estimates are the same as in 
Table 1. 

The exempt afreightment rates are much lower than the tariff 
rates. No exempt rate is more than 75 percent of the regulated 

Loaded Empty 
(mills/ton-mile) ($/barge mile) 

Down Up Down Up 

Upper Mississippi 4.50 4.50 4.00 4.00 
lliinois 4.50 4.50 4.00 4.00 
Lower Mississippi 2.00 3.00 2.25 2.50 
Ohio 4.00 4.00 4.00 4.00 
Tennessee/Cumberland 4.00 4.00 4.00 4.00 
Gulf Intercoastal West 6.00 6.00 6.00 6.00 
Gulf Intercoastal East 8.00 8.00 8.00 8.00 

Source: K. Hom. Specification of General Two Costs on the Inland Waterways. 
_Unpublished working paper. 

tariff. Almost all the exempt rates are between one-third and two
thirds of the tariff. The regulated tariffs show no close relationship 
to exempt rates. The AAR model cost estimates are much closer to 
the exempt rates. Nearly all the rates were above two-thirds of the 
cost estimates. In fact, most were over three-quarters of the cost 
estimates, and a couple were greater than the model costs. 

However, the distinction between regulated and exempt rates 
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TABLE 4 EXEMPT AND REGULATED AFREIGHTMENT RATES IN DOLLARS 
PER BARGE MILE (Intersegment) 

Origin Dest. 

Chicago St.Louis 

Min'pls St.Louis 

Dubuque St.Louis 

Peoria St.Louis 

Pit'bgh Cin'cti 

Pit'bgh Lou'vle 

Cin'cti Lou'vle 

Cairo N.Orl'ns 

St.Louis Cairo 

St.Louis N.Orl'ns 

Memphis N.Orl'ns 

Houston N.Orl'ns 

N.Orl'ns Mobile 

Nash'vle Paducah 

Gunt'vle Paducah 

Chat'nga Paducah 

Knox'vle Paducah 

RA 
( l) 

23.29 

15.48 

19.72 

29.95 

16.68 

18.94 

38.87 

11. 25 

32.36 

10.91 

12.89 

19. 22 

31. 95 

28.28 

18.26 

16.17 

17.33 

MA 
( 2) 

13.61 

12.17 

12.25 

13. 51 

13.02 

13 .oo 

12.96 

7.95 

9.33 

8.18 

7.95 

14.18 

13.40 

24.32 

15.29 

11.16 

12.27 

EA 
( 3) 

10.30 

10.30 

10.30 

10.30 

9.60 

9.60 

9.60 

5. 30 

5.30 

5.30 

5.30 

14.40 

19. 20 

9.60 

9.60 

9.60 

9.60 

EA/RA 

0.44 

0.67 

0.52 

0: 34 

0.58 

0.51 

0.25 

0.47 

0.16 

0.49 

0.41 

0.75 

0.60 

0.34 

0.53 

0.59 

0.55 

EA/MA 

0.76 

0.85 

0.84 

0.76 

0.74 

0.74 

0. 74 

0.67 

0.57 

0.65 

0. 67 

l. 02 

l. 43 

0.39 

0.63 

0.86 

0.78 

(1) RA--Regulated Afreightment. Supplemental 200 to Freight Tarriff 
108-F, Local, Joint and proportional All-Water Rates on General and 
Specific Commodities in Bargeloads, Waterways Freight Bureau; 
Fairfax, Virginia; Effective January 1, 1984. 

(2) MA--Model Afreightment. AAR Barge Cost Model. 

(3) The values in Table 3 and assuming a 1400 ton barge. 

levels appears to have disappeared. Historically regulated rates 
were collectively made by relatively few common carrier barge 
lines. Under collective rate making regulated rates were somewhat 
higher than bulk commodity rates for the same equipment and 
similar operating conditions, but on paper that relationship has 
widened. Beginning in 1980 regulated rates began to collapse. The 
demise of collective rate making was apparent as early as 1982 
when the second largest common carrier barge line withdrew from 
the WFB and independently published its own tariff. Other mem
bers of the WFB had already begun to independently publish and 
file numerous exceptions to the commodity rates in the tariff. 
Moreover, since 1980 most common carriers and some exempt 
carriers have obtained contract operating authority under which 
nearly all regulated waterway commerce is handled. Consequently, 
regulated tariff rates have become "paper" rates that have no 
significance in the current market. 

IMPLICATIONS 

The demise of regulated rates and collective rate making can mean 
nothing other than that the barge industry is subject far more to 
market forces than to the vestiges of regulation and price fixing. 
This should not be surprising. Any sort of collective rate making or 
cartel structure has trouble surviving without clear enforcement 
powers when faced with long-term excess capacity. This is par
ticularly true in a fiercely competitive industry such as the inland 
towing industry. The number of firms and the low-entry barriers 

for the barge industry combined with the retreat of government 
regulation allowed market forces to exert the predominant influ
ence on regulated rates. The regulated tariffs thus become mean
ingless. 

Although other transportation sectors have encountered opposi
tion to further deregulation and even calls for reregulation, de facto 
deregulation on the inland waterways has proceeded almost 
unnoticed without any serious obstructions. No doubt part of this is 
due to the fact that most waterway commerce was always unregu
lated. Shippers are certainly content with the current low rates and 
cannot see how regulation would help them. Although carriers 
have complained of low rates and poor profits, they have not asked 
for regulation. They probably understand how difficult it would be 
to regulate their industry and also realize th.at government regula
tion can even retard industry growth. In any case, it seems clear 
that the towing industry will remain deregulated and competitive 
for the foreseeable future. All that remains is to repeal the trap
pings of regulation implied by Title 49, U.S.C. and the preserva
tion of collective rate making. The WFB is already inactive and for 
all practical purposes defunct. The myth of a common carrier 
barge industry th.at formerly handled most of the small volume of 
regulated commodities that are currently handled by contract car
riers, belies the continuation of federal regulation. 

Publicalion of I his paper sponsored by Committee on Inland Water Trans
por/ation. 
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Abridgme111 

Development of an Inland Port-Location 
Model 

YEAN-JYE Lu AND JosEPH A. WAITLEWORTH 

A mixed 0 to 1 integer programming model Is proposed for deter
mining the required number of inland ports, their locations and 
sizes. The characteristics of the model are explored. The proposed 
inland port-location model is also compared with the standard 
capacitated warehouse-location model. In addition, computational 
experience with the proposed model is discussed. 

An inland waterway system is composed of four elements: (a) 
commodities, (b) inland ports, (c) barges and towboats, and (d) 
inland waterways. This system provides for the complete move
ment of commodity shipments on inland waterways from their 
origin to their destination ports. Prom an operational viewpoint, 
the major advantage of the inland waterway is energy conserva
tion. Barges and towboats are more energy efficient than either 
railroads or trucks. It has been estimated that barges or towboats 
provide 250 ton-miles per gallon of fuel in comparison to 200 ton
miles per gallon for rail, and 58 ton-miles per gallon for trucks (1). 
The major disadvantage of the inland waterway is the relatively 
low travel speeds. The travel speeds commonly range from 3 to 6 
mph upstream and 5 to 10 mph downstream (2). Therefore, the 
inland waterway is only useful for rnoverm:nl uf bulk currunudiLies 
in large quantities over medium to long distances. This is why 
inland wa1erways have played an important but frequently unre
cognized role in freight movement. 

Tcday, zs 2. result cf t.1le energy ~hcrte.ge, the ir1l::t..'>ld ".VG.terv;~y is 
receiving greater interest as a low-cost transportation mode for the 
future. Particularly in some developing countries or mountainous 
areas, the inland waterway is a more important transportation 
mode Lhan highway or rail because of the considerations of initial 
costs and transportation costs. For example, the inland waterway in 
Honduras will be a great asset to that nation's economic develop
ment. 

BACKGROUND 

Need for the Research 

Honduras is the second largest and the most mountainous country 
in Central America. La Mosquitia Region is located at the extreme 
northeast of Honduras. This region is a mountainous area where 
highway and railroad construction is difficult. One of the biggest 
problems of this region is the lack of transportation means. The 
intraregional road system is poor and an interregional one does not 

Y. ~· Lu, Department of Civil Engineering, Concordia University, 1455 De 
Maisonncuve Blvd. West, Montreal, Quebec, Canada H3G IMS. J. A. 
Wattleworth, Civil Engineering Department, University of Florida, Gain
esville, Fla. 32611. 

even exist. The region depends solely on air and sea transportation 
to communicate with other parts of the country. However, there are 
some navigable rivers, such as Patuca and Sico, that are potentially 
serviceable. Therefore, an inland waterway in this region will 
probably be the only transportation mode suitable for medium- and 
long-distance movement of freight in the foreseeable future. The 
Honduras port authority, Empresa Nacional Portuaria (ENP), has 
encouraged the research presented here on inland waterway 
development for La Mosquitia Region. 

Furthermore, the literature review of this research reveals two 
problems in the study of inland port locations: 

1. The inland port-location study is completely ignored within 
current planning methodology of inland waterway systems, and 

2. None of the previous models in the facility-location analysis 
can be applied directly to solve the inland port-location problem. 

Therefore, an inland port-location study is needed in order to fill 
these gaps in inland waterway system planning, 

Objectives and Scope 

The aim of this study is not to solve the inland port-location 
nrohl?.m for T -~ Mn~n11ltl~ RPoinn R~thPT" ~n inl!lnrl n~-rt-lrH··~t~nn 
.... - -- ------ -- - --- - ----i. -- --- ---o----· -- --- ---, -- ------ r--- -~----~--

model is developed to serve as the technological and theoretical 
basis to help the Honduran ENP solve the problem in the future. 

Because there is no navigable inland lake existing in La Mos
quitia Region, this study focuses only on river and canal ports. 
Furthermore, because the inland waterway is only suitable for 
moving large bulk commodities over medium to long distances, 
this study will emphasize interregional and international com
merce only. Fishing, tourism, defense, and domestic corrunerce are 
not included. 

INLAND PORT-LOCATION MODEL 

Mathematical progranuning models can be defined as sets of 
equations that describe and represent a real system in terms of its 
physical, organizational, behavioral, and economic attributes. A 
mathematical programming model is chosen for the construction 
of an inland port-location model. 

Assumptions 

In order to formulate a realistic and solvable model of the inland 
port problem, several assumptions have to be made to simplify the 
real system: 
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1. No route capacity constraints because the capacities of route 
links connecting inland ports and shipping centers can always meet 
the shipping demands; 

2. Only one coastal port for the study area; 
3. Unit transportation cost of the cargo can be predetermined by 

the owner of the transportation facilities; 
4. Average dock capacities because the same type of docks 

have the same capacity; 
5. There is a short route (or a least expensive route) between a 

shipping center and an inland port; and 
6. Economies of scale in shipping commodities and in con

structing inland ports are not considered in this study. 

Inland Waterway Network Representation 

The inland waterway and land transportation networks are repre
sented in this study as connected sets of nodes and links and 
described as follows. 

Node Types 

Nodes are used to identify and locate the transportation terminals. 
The three types of nodes represent: 

1. Main coastal ports, which are seaports where the interregio
nal or international commerce takes place; 

2. Candidate inland ports, which are the waterway locations 
where the inland ports can be selected depending on several factors 
such as (a) sufficient depth, (b) secure anchorage, (c) adequate 
anchorage area, (d) accessibility, (e) less environmental destruc
tion, and (e) protection against winds, storms, waves, and floods; 
and 

3. Shipping demand center, which represents the location of 
economic activities generated in its section. Therefore, the center 
for each section is the point where commodity flow begins or ends. 

Link Types 

A link makes the connection between two nodes so that a link can 
be identified by specifying the nodes at each end. The two types of 
links are 

1. Waterway links defined as the river or canal segment con
necting two candidate inland ports, or the coastal seaway connect
ing a candidate inland port and a main coastal port; and 

2. Route links defmed as the link connecting a shipping center 
and a candidate port. The major transportation modes traveling in 
route links include highways, railroads, and pipelines. 

Decision Variables and Parameters of the Model 

The decision variables arc unknowns to be determined from the 
solution of the model, and the parameters are the givens that 
represent the controlled variables of the inland port system. On the 
basis of their characteristics, the decision variables and parameters 
arc divisible into the following five categories. 

General 

Variables for this section are listed as follows: 

where 

n 
m 

SP(i) 

SC()) 

number of candidate ports; 
number of shipping centers; 
a set of candidate ports that can feasibly serve 
shipping center i, i = 1, ... , n (index); 
a set of shipping centers that can feasibly be 
served by candidate port), j = 1, .. . , m 
(index); 
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Yj 1, if an inland port is located at candidate port j, 
and 0, otherwise (decision variable); 

U(j) 

the upper bound of number of docks at candidate 
port), j = 1, ... , n (parameter); and 
a set of nodes including node j and all its 
upstream nodes. 

At candidate port j, j = 1, ... , n (decision variable), 

ZjJ> number of dry bulk docks; 
z12, number of liquid bulk docks; and 
z13, number of general docks. 

In order to mathematically state the selection of candidate ports, 
the variable Yj is either 1or0 for candidate port). If candidate port) 
is selected, Yj is set at 1; otherwise, Yj is set at 0. This means that a 
candidate port is either selected or not. Furthermore, because a 
dock cannot be halfway constructed, the number of docks resulting 
from solving the model will be rounded into their nearest integer 
values. 

Commodity Flow 

An inland port contains one or more terminals. Usually a terminal 
can handle only one type of cargo because a different type of cargo 
requires a different type of handling equipment. Based on a cate
gorization of the U.S. Department of Commerce (1), commodities 
in this study are divided into three types of cargo: (a) dry bulk 
cargo, (b) liquid bulk cargo, and (c) general cargo. Therefore, this 
study divides docks into three types designated by values of the 
index k: 

k = 1, dry bulk cargo, 
2, liquid bulk cargo, and 

= 3, general cargo. 

There are two decision variables and two parameters in this 
section: 

where 

xijk average annual quantity of exported cargo k 
transported from shipping center i to candidate 
port j (decision variable, unit = k-ton); 

x'jik = average annual quantity of imported cargo k 
transported from candidate port j to shipping 
center i (decision variable, unit = k-ton); 
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S;k = average annual exported cargo k sent from 
shipping center i to the coastal port (parameter, 
unit = k-ton); and 

S' ik average annual imported cargo k sent from the 
coastal port to shipping ce.nte.r i (parameter, 
unit = k-ton). 

Capacity 

There are two types of capacity parameters: waterway capacity and 
dock capacity. The notations for waterway capacity are listed as 
follows: 

downstream capacity of a waterway link between 
candidate port j and its adjacent downstream 
candidate port (parameter, unit = k-ton); and 

= upstream capacity of a waterway link between 
candidate port j and its adjacent downstream 
candidate port (parameter, unit = k-ton). 

Dock capacity is notated as 

PDk = PD1, average annual capacity of a dry bulk dock; 

Cost 

= PD2, average annual capacity of a liquid bulk dock; 
and 

= PD3, average annual capacity of a general dock 
(parameters, unit = k-ton). 

Two types of costs are included in this study: transportation and 
construction costs. There are three parameters relating to the unit 
transportation cost: 

average cost of transporting one unit of cargo k 
to or from shipping center i to or from candidate 
port j; for j£SP(i) and all i and k (parameter, 
unit = $1,000/k-ton); 

CWjk average cost of shipping one unit of exported 
cargo k from candidate port j to the coastal port, 
for all j and k (parameter, unit = $1,000/k-ton); 
and 

cw·jk = average cost of shipping one unit of imported 
cargo k from the coastal port to candidate port j, 
for all j and k (parameter, unit = $1,000/k-ton). 

There are two parameters relating to the unit construction cost: 
the fixed cost of a candidate port and the construction cost of 
building a dock: 

fixed cost of candidate port j, j = 1, .. . , n 
(parameter, unit = $1,000/year); and 
CD 1, construction cost of building a dry bulk 
dock, 

= CD2, construction cost of building a liquid bulk 
dock, and 

= CD3 , construction cost of building a general 
dock, (parameter, unit = $1,000/year-dock). 
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Coastal Port 

The index j = 0 denotes the coastal port. The parameter and 
decision variables for the coastal port are as follows: 

SC(O) a set of shipping centers that can be served 
directly by the coastal port (index); 

x'oik 

average a.'Ulual quantity of exported cargo k 
transported from shipping center i to the coastal 
port (decision variable, unit = k-ton); and 
average annual quantity of imported cargo k 
transported from the coastal port to shipping 
center i (decision variable, unit = k-ton). 

Constraints and Objective Function of the Model 

The inland port-location model, constructed in this study, can be 
disaggregated into the following five sections . 

Supply-Demand Constraints 

The supplies in this study are those exported commodities shipped 
out of the study area. and the demands are those imported com
modities shipped into the study area through the coastal port. 
Given the forecasted exported and imported cargoes, the supply
demand constraints specify that all exports and imports will be 
fully met. The supply (exports) constraints are 

I. xijk = S;1co all i and k 
jESP(i) 

Th,. rlP.m~nrl (imnnrto) ""notr~into ~re. --- - ------ ----- ,---r ---- , - ----- ---- ·- . 

I. x'jik = S' ik• all i and k 
jESP(i) 

Waterway Capacity Constraints 

(1) 

(2) 

The purpose of the waterway capacity constraints is to ensure that 
the capacity of waterway links will not be exceeded for both the 
downstream and upstream directions. These constraints can be 
expressed mathematically as follows: 

Downstream 

I. [ I. I xijk] ~ PWjo all j 
j£U(j) if!iC(j) k=l 

(3) 

Upstream 

I. I. I. x"·k 
[ 

3 ] 

jEU(j) iESC(j) k=l l' 
(4) 
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Dock Capacity Constraints 

Under the physical restraints of inland port expansion, dock capac
ity constraints will ensure that there are enough docks to handle the 
shipping demands. In other words, the size of a candidate port 
should be large enough to be able to load or unload the freight. The 
dock capacity constraints can be expressed mathematically as 
follows: 

L, (xijk + x'ijk) S PDk · zjk• allj and k (5) 
ieSC(j) 

Site Capacity Constraints 

Each candidate port has a limited capacity to expand its size 
because of the physical restrictions posed by socioeconomic, engi
neering, and environmental considerations. Therefore, the site 
capacity constraints ensure that none of the required number of 
docks exceed their upper bound of the number of docks. Further
more, these constraints also prevent any docks being assigned to a 
deleted candidate port. The mathematical expression for these 
constraints is as follows: 

3 

L, zJk S UPJ · YJ· allj 
k;l 

(6) 

Because Yj is either 1 or 0, Equation 6 implies two situations: If 
Yj = 1, then 

3 

L, zjk s UPJ 
k;l 

If Yj = 0, then 

3 

I zJk s o 
k;l 

Objective Function 

The objective function of the inland port-location model defines 
the measure of effectiveness of the inland port system as a mathe
matical function of its decision variables. The objective function 
for this study is to minimize total costs. Four types of cost are 
included. The total annual cost (unit equals $1,000 per year) of 
each type of cost can be expressed as follows. 

Route transportation costs 

m 3 

L, L, L, CRiJk · (xiJk + x'J;k) 
i; 1 jeSP( i) k;l 

Waterway transportation costs 

n 3 
L L [CWjk. L X; ·k + CW'jk. L. 
J;l k;l ieSC(j) IJ ieSC(j) 

Fixed costs of inland ports 

n 

L. CPJ · Yj 
j;l 

Construction costs of docks 

n 3 
L. L, (CDk · zJk) 
j;l k;l 

Let 

and 
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Therefore, the formulation of the inland port-location model, 
which is the mixed 0 through 1 integer programming model, can be 
summarized as follows: 

m 3 

Min Z L. L. L. { CTijk · xijk + CT'Jik · x'Jik} 
i;l jf.SP(i) ~1 

n 3 

+ L. cp. · Y· + L. L. (CDk · z1k) 
j;l J J j;l k;l 

Subject to the following: 

Supply-demand constraints 

L. xijk = sik• v i and k 
jf.SP(i) 

L. x'jik = S' ik• V i and k 
jf.SP(i) 

Waterway capacity constraints 

L, [ L. i x'ijk] s PW'1, V j 
jEU(j) if.SC(j) ~1 

Dock capacity constraints 

L (x;·k + x' ·;k) S PDk · zjJ,• V j and k 
if.SC(j) IJ J 

3 

L. zjk S UPJ · Y}' V j 
k;l 

xijk• x'jik ~ 0, V i, j and k 

Yj E (0,1), V j zjk ~ 0, V j and k 
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CHARACTERISTICS OF THE PROPOSED MODEL 

The major characteristics of the model are listed as follows: 

1. A distribution-collection transshipment problem: Inland ports 
are not the origins or destinations of the commodity flows, but the 
transshipping terminals between land transportation modes and 
inland waterway modes . The exported commodities will be col
lected from the shipping centers to several inland ports, and then 
shipped from the inland ports to the coastal port. In addition, the 
imported conunoditie~ will be shipped from the coastal port to 
several inland ports, and then distributed from the ports to the 
many shipping centers. 

2. A network discrete location-allocation problem: Not only is a 
location problem presented, but an allocation problem is also 
presented. Besides determining the number of inland ports, as well 
as their locations and their sizes, this study will determine the 
quantities of exported and imported commodities shipped through 
each inland port. Optimization of the objective function is sought 
by locating inland ports and allocating the commodity flows in the 
inland ports, and by allocating the commodity flows in the inland 
waterway network. 

3. A multiconunodity, multifacility and multimodal problem: 
All kinds of commodities, which are currently or potentially 
shipped on the inland port transportation system, are dealt with. 
They are classified into three types of cargo. Each needs a specific 
type of handling equipment. Therefore, three types of docks may 
exist in each inland port. Furthermore, the navigable rivers form a 
natural transportation network, but this depends significantly on 
the other transportation modes (highways, railroads, or pipelines) 
to transship the commodities from the producers to the consumers. 

4. Varied port sizes and capacilaied wate1way links: The size of 
an inland port in this study will vary with the required demand of 
commodity flows. The capacity of an inland pon should be greater 
than or equal to the shipping demand. Capacity will be calculated 

sizes of inland waterways and they are greatly affected by floods 
and droughts. In this way, capacitatcd waterway links arc imposed 
in the inland port-location model. 

In the field of facility location analysis, the capacitated ware
house-location problem (termed warehouse-location problem) is a 
well-known problem to which a great deal of research has been 
devoted. According to Francis et al. ( 3 ), the purpose of the ware
house-location model is to design a system of warehouses to serve 
specific stores. A comparison of these two models shows that the 
inland port-location model and the standard warehouse model have 
similar structures. In the inland port-location model, the inland 
ports play the role of warehouses and the shipping centers play the 
role of stores. In other words, both the inland ports and warehouses 
can be considered as the facilities to serve shipping demands. 

TABLE 1 THREE EXAMPLES OF COMPUTATIONAL EFFORTS 
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However, the inland port-location problem is not simply a ver
sion of the standard warehouse-location problem. Although these 
two problems have similar structure, the warehouse-location prob
lem is only a part of the inland port-location problem. The major 
reasons are 

1. Objective function: Facility sizes for the standard warehouse 
location problem are fixed, but those for the inland port-location 
problem are varied. The standard warehouse problem considers 
different fixed costs for acquiring warehouses depending on their 
sites. On the other hand, not only are different fixed costs, which 
depend on the locations for acquiring inland ports, studied, but so 
are different construction costs, which depend on the number of 
docks for handling cargoes. 

2. Constraints: The proposed inland port-location model 
involves four types of constraints. They arc supply-demand, facil
ity capacity, transportation capacity, and site capacity constraints. 
Conversely, the standard warehouse-location problem includes 
only supply-demand and facility capacity constraints. 

EXAMPLES OF COMPUTATIONAL EFFORTS 

The Mathematical Programming System Extended-Mixed Integer 
Progranuning (MPSX-MIP) computer package was released by 
IBM, Inc., in the early 1970s. Because of its availability and 
comprehensibility, the package was chosen for this study. 

Three examples of computer runs using the MPSX-MIP pack
age are given in Table 1. All three runs had the same number of 30 
shipping centers, but the number of candidate ports were 7, 8, and 
12, respcclively. The upper bounds of 10 docks in all candidate 
ports were assumed. The total computer processing unit (CPU) 
times are 22.4, 49.5, and 69.5 sec for the examples of7, 8, and 12 
candidate ports, respectively. The results of the runs indicate that 

increases. Furthermore, as indicated in Table 1, problems with the 
size less than or equal to the combination of 12 candidate ports and 
30 shipping centers can be solved within 70 sec CPU time. There
fore, the results of the three runs indicate that the proposed model 
can be solved within reasonable computer time. 

CONCLUSIONS 

A mathematical programming model for solving the inland port
location problem was developed in this study. This model is able to 
represent the physical system adequately. In addition, the model 
can be solved by using the MPSX-MIP package with a reasonable 
computational effort. The study will be instrumental for solving 

CPU Time (sec) No. of 
Problem Size Variables Integer Optimal 
Candidate Shipping 0-1 No. of Continuous Integer Solution Optimality Solution Solution 

Run Ports Centers Continuous Integer Constraints Optimum First Optimum Proved Total Found Found 

I 7 30 589 7 222 3.8 3.6 5.4 9.6 22.4 4 Yes 
2 8 30 672 8 228 5.7 7.8 18.0 18.0 49.5 4 Yes 
3 12 30 936 12 252 9.1 9.0 20.4 34.8 73.3 3 Yes 
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the inland port-location problem in some developing countries and 
mountainous areas such as La Mosquitia Region, Honduras. 
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The Role of Ports in Double-Stack Train 
Service 

JOHN H. LEEPER 

Double-stack train service is one of the latest technological innova
tions in the highly competitive business of intermodal shipping of 
containerized cargo. The double-stack train can carry twice the 
number of containers as a flatbed rail car, which sharply reduces 
shipping costs per container. Although steamship companies have 
taken the lead role in initiating double-stack service from the 
inland cities to ports, ports can market their facilities and rail 
connections to attract stack-train service. An overview is given of 
existing stack-train services, and discusses the impacts of stack 
trains on port competition and ways that several ports have 
attracted stack-train service are discussed. 

In the past two years, double-stack technology has virtually 
exploded on the U.S. intermodal transportation industry. At this 
time, there are over 60 weekly departures of double-stack trains to 
and from 12 major port cities in the United States. These services, 
as they were promoted in December of 1985, are given in Table 1. 

What is double-stack service? The term double-stack refers to 
the practice of stacking standard marine containers in two-high 
configuration on specially designed railroad flatcars. These flatcars 
have been designed to lower the overall profile and reduce the total 
weight of the container or flatcar unit. In practical terms, the 
double-stack car carries four 40-ft ISO containers, as opposed to 
the two 40-ft containers that are carried on conventional railroad 
flatcars. The result has been a savings in the cost of moving 
containers long distances by rail. These savings have been esti
mated by various railroads providing stack train service to be 
between 20 percent and 40 percent, depending on the route and rail 
carrier involved. 

Phillips Cartner & Co., Inc., 203 South Union Street, Alexandria, Va. 
22314. 

Ironically, it was not the railroads that developed and imple
mented the double-stack service, but the ocean carriers. Since the 
early 1960s, ocean carriers of all flags have been engaged in a 
highly competitive battle for high-value cargoes on trade routes 
between the United States and its trading partners in Europe and 
the Pacific rim. Faced with competition from lower wage-rate 
Third World and state-owned carriers, the more progressive U.S. 
flag carriers relied on technology to improve their productivity and 
to maintain or increase their market share. Accordingly, carriers 
such as Sea-Land and American President Lines (APL) introduced 
container ships, automated container yards, and, finally, low slot
cost vessels as means of improving productivity. Concurrent with 
their technological development, U.S. flag ocean carriers acceler
ated their marketing efforts and began to offer through-intermodal 
service to selected shippers or consignees. 

Before the Shipping Act of 1984, the legality of intermodal 
service was in question and the carriers offered it intermittently 
and usually as single entities rather than as conferences. In the 
1982-1983 recession years, several ocean carriers contracted for 
inland rail service as part of a through-single-rate service. During 
that period, international freight rates dropped precipitously, and 
some ocean carriers found their rail costs were exceeding their 
revenues on some intermodal shipments. This experience focused 
the ocean carriers on the inland mode as an area for cost control, 
and as a possible source of advantage over competition. Mean
while, the Shipping Act of 1984 was passed, which authorized 
conferences to offer intermodal service under a single-through-rate 
and allowed other practices that facilitated intermodal movement. 
These events culminated in decisions by some ocean carriers to 
design, test, and purchase double-stack equipment and to enter into 
agreements with rail carriers to pull the equipment. 
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TABLE 1 ONE-WAY DOUBLE-STACK TRAIN SERVICE, 
DECEMBER 1985 

Originating 
Port 

Baltimore 
Chicago 
Chicago• 
Chicago• 
Chicago• 
Chicago• 
Chicago• 
Chicago 
Chicago 
Chicago 
Chicago• 
Chicago• 
Houston• 
Houston• 
Los Angeles• 
Los Angeles• 
Los Angeles• 
Los Angeles• 
Los Angeles• 
Long Beach• 
Long Bench• 
Long Heach• 
New Orleans• 
New Orleans• 
New York• 
New York• 
New York• 
New York• 
New York• 
New York• 
Oakland 
Portland/Seattle• 
Portland/Seattle• 
Savannah• 
Savannah• 
Seattle• 
·~l'Qm..a_& 

Tacoma• 
Tacoma• 
Tacoma• 

Originating 
Railroad 

CSX 
CSX 
C&NW 
JC 
CSX 
C&NW 
CSX 
C&NW 
C&NW 
BN 
C&NW 
BN 
SP 
SP 
UP 
SP 
SP 
UP 
SP 
SP 
SP 
SP 

SP 
CSX 
Conrail 
D&O 
Conrail 
Conrail 
D&O 
UP 
UP 
UP 
SCL 
SCL 
BN 

_BJl1 

UP 
UP 
BN 

Ultimate 
Destination 

Chicago 
Baltimore 
Los Angeles 
Los Angeles 
Long Beach 
New York 
New York 
Oakland 
Portland/Seattle 
Seattle 
Tacoma 
Tacoma 
Los Angeles 
Savannah 
Chicago 
Chicago 
Houston 
New York 
New Orleans/Atlanta 
Chicago 
New York 
Houston 
Savannah 
Los Angeles 
Chicago 
Los Angeles 
Long Beach 
Portland/Seattle 
Tacoma 
Tacoma 
Chicago 
Chicago 
New York 
Houston 
New Orleans 
Chicago 
l.hir.ago 
Chicago 
New York 
New York 

"More lhan one destination for train providing service. 

Frequency 
Per Week 

3 
i 
I 
I 
I 
2 
2 
6 
I 
1 
1 
1 
3 
1 
1 
1 
1 
1 
4 
3 
1 
1 
I 
I 
I 
2 
1 
I 
2 
2 
2 
1 
1 
6 

Double-stack service is now offered in the United States by 
three U.S. flag ocean carriers, two foreign flag carriers, and two 
railroads. The current capacity of each of these entities is given in 
Table 2. Two leaders in the service, Sea-Land and APL, together, 
account for approximately two-thirds of the available capacity. An 
additional 20 percent of the available capacity is offered by the 
Burlington Northern (BN), with assistance from the Port of Seattle. 
In total, these carriers and agents offer 4,640 40-ft equivalent units 
(FEUs) per week in a one-way direction. 

There are currently 12 ports that are served by double-stack 
service. Chicago is included in this group because it is a seaport 
with service through the St. Lawrence Seaway. When the capacity 
of the existing double-stack trains is multiplied by the number of 
ports they serve, the aggregate capacity is 10,230 FEUs per week. 
However, because some trains will transship only a portion of their 
containers at an intermediate point (for instance, Chicago on a 
Seattle-New York City run), the aggregate national capacity is 
somewhere between the 4,640 FEUs given in Table 2, and the 
10,230 FEUs possible if an empty train were available at each 
point. 
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TABLE 2 APPROXIMATE WEEKLY ONE-WAY 
CAPACITY BY CARRIER OR AGENT, DECEMBER 
1965 

Capacity in 
40-ft Equivalent 

Carrier Units Percentage 

APL 1,400 30.17 
NYK 150 3.23 
Sea Land 1,550 33.41 
U.S. Lines 400 8.62 
Maersk 200 4.31 
CSX/Baltimore 40 0.86 
EN/Seattle 900 19.40 

Total 4,640 100.00 

Based on the capacity of trains serving the ports indicated, 
Chicago has approximately 32 percent of the total capacity. Seattle 
has 12 percent, and New York has 11 percent. Long Beach and Los 
Angeles together have over 17 percent. The capacity theoretically 
available at each port is given in Table 3. 

The impuct of double-stack services on these ports is mixed. 
The double-stack service was initially designed to serve the Pacific 
rim import trade by providing mini- and macro-landbridge service 
to U.S. Midwest and East Coast markets. This continues to be the 
primary focus on double-stack service. Full containerloads of 
import commodities move east, and empty units (domestic com
modities) move west. 

TABLE 3 APPROXIMATE WEEKLY ONE-WAY DOUBLE· 
STACK CAPACITY BY PORT 

Capacity in 
40-ft Equivalent 

Rank Fon Unils Pc::n..:c::uiagt::. 

10 Baltimore 40 0.39 
1a Chicago 3,240 31.67 
7 Houston 400 3.91 
5 Los Angeles 950 9.29 
6 Long Beach 800 7.82 
4 New Orleans 1,000 9.78 
2 New York 1,150 11.24 
7 Oakland 400 3.91 
7 Portland 400 3.91 
9 Savannah 200 1.96 
3 Seattle 1,300 12.70 
8 Tacoma 350 3.42 

Total 10,230 100.00 

"Several trains serve Chicago en route to East or West Coast origin or destination; 
therefore, total port capacity exceeds train capacity given in Table 2. 

Considering current cargo flows and the ports presently served 
by stack trains, West Coast ports of Long Beach, Los Angeles, 
Oakland, and Seattle have attracted more stack-train service than 
ports on the other coasts. Cargoes moving in double-stack service 
come across their docks and provide longshore jobs. However, for 
the ports of Chicago, Houston, New Orleans, and New York, it can 
be argued that the double-stack service is actually diverting cargo 
that formerly moved over their docks. For instance, some Pacific 
rim cargo that now moves from Los Angeles to Houston, formerly 
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moved to Houston by an all-water route through the Panama 
Canal. Although double-stack service does serve industries in 
these latter port cities with cost-effective, fast transportation and 
does provide transportation jobs, it has not, to date, been success
ful in attracting cargo over their docks. 

Not all East Coast ports are being used as mini-landbridge 
destinations. Double-stack trains serving Baltimore and Savannah 
are actually carrying cargo that moves across their docks. 

The role of ports in initiating double-stack service has been 
mixed. Only Baltimore and Seattle have played an active role in 
attracting double-stack service. The remaining services were initi
ated by ocean carriers. Seattle initially considered buying its own 
double-stack cars. In the end, BN initiated the service, with the 
Port of Seattle serving as agent for smaller ocean carriers. By 
serving as an agent, the port can ensure high-volume rates for 
smaller carriers. 

Baltimore, in response to an aggressive marketing thrust by 
Virginia Port Authority and the Norfolk Southern, took the initia
tive with the Chessie System (CSX) to introduce double-stack 
service into Baltimore. The Maryland Port Administration reached 
an agreement with the Chessie to absorb local drayage for shippers 
and ocean carriers from the container yard to the port in return for 
a reduction in the Chessie 's rate to Chicago. In addition, the 
Chessie agreed to place a double-stack service into Baltimore. 
However, the service is limited: it does not involve a unit train, and 
because of clearance problems, accommodates only standard ISO 
marine containers. 
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The long-range impact of double-stack service on U.S. ports and 
intermodal service is summarized as follows: 

• Continued competitive pressure will be placed on all-water, 
round-the-world ocean-carrier services and will continue to give 
West Coast ports a time advantage on Pacific rim import cargoes 
destined for the U.S. East Coast; 

• Regional surface transportation hubs in key Midwest and East 
Coast ports and cities will be created; 

• Domestic cargoes in the backhaul leg will be attracted; 
• Port congestion will occur because of the volume of con

tainers that will be deposited at one time by unit trains; 
• Ports will be forced to focus on the direct rail or port inter

face, resulting ultimately in the elimination of intraport drayage. 

In conclusion, double-stack trains will continue to exist. For 
many ports, the service was not anticipated and in some cases was 
not welcome. Nonetheless, the ultimate winners will be those ports 
that can adjust and use the service to the advantage of their ports 
and communities. The transportation industry in general will bene
fit from double-stack because lower transportation costs will stim
ulate the movement of price-elastic goods and commodities. 

Publication of lhis paper sponsored by Commitlee on Ports and Water
ways. 
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Double-Stack Container Trains: Issues and 
Strategies for Ocean Carriers 

HENRY s. MARCUS AND CARL D. MARTLAND 

Double-stack container trains are studied from the perspective of 
an ocean carrier. Use of double-stack container trains by ocean 
carriers involves such considerations as the origin and destination 
of the trains, the choice of the party to manage the rail movement, 
and the size of the containers. In the final analysis, the ocean 
carrier must determine how these Issues can be integrated into its 
overall corporate strategy. 

Much activity related to double-stack container trains has been 
observed in the past year. The implications in terms of the issues 
and strategies related to ocean carriers are discussed. 

An overall strategic issue for an ocean carrier concerns the 
integrntion of double-stack container trains into a firm's corporate 
strategy. The topic is approached via the following questions, 
which represent some of the key issues involved: 

• Should the carrier use double-stack container trains? 
• What ports and inland cities should be used? 
• Who should manage the inland movement? 
• What size containers should be used? 

Although these issues are interdependent, they arc first consid
ered individually and then integrated into a comprehensive strat
tgy. 

SHOULD THE CARRIER USE DOUBLE-STACK 
CONTAINER TRAINS? 

An ocean carrier mmt determine whether the use of double-stack 
container trains can save the firm money, improve its quality of 
service, or both. A cost comparison of container movements from 
Asia to selected U.S. destinations by an all-water route, double
stack container train from the West Coast, and unit train container
on-fiatcar (COFC) from the West Coast is given in Table 1. In all 
cases the double-stack container train is less expensive than the 
COFC from the West Coast. The comparison shows that the 
double-stack container train appears to be (a) less expensive than 
the all-water alternative when the destination is the U.S. Gulf 
Coast, (b) more expensive to the South Atlantic ports, and (c) 
generally less expensive to the North Atlantic ports. Double-stack 
containers are significantly less expensive than the all-water alter
native to New York, but slightly more expensive to Baltimore. 

In reality, the economic analysis is not so straightforward. The 
trains will not always be full, and double-stack container trains' 
costs will not be identical to the price offered to the ocean carrier. 
The transit time for a double-stack container train should always 
be less than that of an all-water service; however, the ocean carrier 

Massachusetts Institute of Technology, Marine Systems, Room 5-207, 
Cambridge, Mass. 02139. 

must be able to evaluate the value of this increased quality of 
service as well as its reliability. 

WHAT PORTS AND INLAND CITIES SHOULD BE 
USED? 

The obvious answer to this question appears to be that the double
stack container train chosen by the ocean carrier should operate 
between cities where the carrier has a large cargo. Port pairs 
carrying more than 50,000 long tons of marine container rail traffic 
in 1983 are given in Table 2. No data is included for inland cities, 
such as Chicago, that do not reside on the ocean. 

However, ihe answer is noi as simple as malching ciLies to 
cargoes. A carrier operating between Asia and the U.S. West Coast 
may have a great deal of cargo to and from Chicago. Because the 
carrier slops al more ihan one West Coast port, it will have to 
choose between existing ports of call (and possibly others). When 
choosing the inland city for cargo destined for the U.S. EasL Coast, 
it may be more economical to use a double-stack service only as 
far as a Midwest city, such as Chicago, if cargo volumes to specific 
cities do not justify a transcontinental double-stack service. 

Other factors to be considered include (a) terminal facilities 
availahle at each end of the rail run, (b) terms offered by the 
railroad involved, and (c) inducements offered by the ports 
involved. Baltimore, New York, and Seattle are among the ports 
that have promoted double-stack container trains. 

Public port authorities have the advantages of having access to 
tax-exempt bonds, state and local funds, and tax provisions that 
can be used to finance capital investments. Because of this access 
to public financing, public port authorities are able to finance 
projects that would be considered too speculative by private corpo
rations. 

WHO SHOULD MANAGE THE INLAND MOVEMENT? 

If an ocean carrier uses a double-stack container train service on a 
particular city-pair route, more decisions must be made: (a) who 
should own (or long-term lease) and operate the terminal at the 
port and at the inland city? (b) Who should own the rail equip
ment? (c) Who should handle the paperwork? and (d) Who should 
provide a container-tracing service? In other words, the boundary 
of control for the ocean carrier on the intermodal movement should 
be determined. Each carrier must consider both its own resources 
and the options open to it in making these decisions. 

A major consideration in managing a double-stack container 
train service is finding cargo for the backhaul direction. The major 
direction for existing double-stack services is eastbound, and west
bound for the backhaul leg. In the forehaul direction marine cargo 
comprises most or all of the cargo. In the backhaul direction it is 
necessary to put domestic cargo in the marine containers in order 
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TABLE 1 ALL-WATER VERSUS BRIDGE AND STACK CAR OPERATING 
COSTS FROM ASIA TO SELECTED DESTINATIONS 

All-Water to Unit Train COFC Stack Car from 
Destination East Coast from West Coast West Coast 

Savannah -Charleston 1,700 2,100 1,950 
Range from various 
Far East ports 1,300-1,700 1,850-2,100 1,700-1,950 

Baltimore 2,000 2,250 2,050 
Range from various 
Far East Ports 1,350-2,000 1,950-2,250 1,750-2,250 

Houston 2,300 2,000 1,800 
Range from various 
Far East ports 1,800-2,300 1,700-2,000 1,550-1,800 

Chicago 2,450 1,500 1,850 
Range from various 
Far East ports 2,150-2,450 1,300-1,500 1,100-1,400 

New York 2,150 1,950 1,850 
Range from various 
Far East ports 1,800-2,150 1,700-1,950 1,600-1,850 

Source: Values in the table are estimate<l from the bar chart in American Shipper, Aug. 1985, p. 12 
Note: All numbers in dollars per FEU. 

TABLE 2 PORT PAIRS CARRYING MORE THAN 50,000 LONG TONS OF 
MARINE CONTAINER RAIL TRAFFIC IN 1983 

Port Pair 

Thousands 
of 
Long Tons 

Los Angeles 5/Long Beach 4 
Los Angeles 5/Long Beach 4 
Seattle 2{facoma 14 

to New Orleans 9 211,471 
176,383 
172,249 
143,715 
101,533 

Los Angeles 5/Long Beach 4 
Los Angeles 5/Long Beach 4 
Oakland 3/San Francisco 21 
Los Angeles 5/Long Beach 4 
Houston 11 

to New York/New Jersey 1 
to New York/New Jersey 1 
to Houston 11 
to Mobile 25 
to New York/New Jersey 1 
to Boston 17 

96,635 
61,110 
59,614 to Los Angeles 5/Long Beach 4 

Source: U. S. Imports Via Minibridge, 1981-1983. Maritime Administration, U. S. Department of 
Transportation, Sept. 1984. 

Note: Succeeding numbers indicate U. S. ranking of port. 

to fill the train. Ocean carriers generally have little or no experi
ence in soliciting domestic cargo, and they may not wish to take on 
such a new responsibility. 

WHAT SIZE CONTAINERS SHOULD BE USED? 

An ocean carrier typically prefers the largest container that is 
economically, legally, and physically possible. The largest size of 
marine container that can fit below decks on a fully cellular 
containership is 40-ft long, 8-ft wide, and 9.5-ft high. Many 40-ft 
containers are 8.5-ft or 8.0-ft high. If one shipper cannot fill one 
container with cargo, the shipments of other shippers may be 
consolidated in the same container. 

American President Lines (APL) is the only operator of fully 
cellular containerships to carry on deck larger marine containers 
with dimensions 45-ft long, 8-ft wide, and 9.5-ft high. The national 
standard on over-the-road (OTR) truck limits are 48-ft long, 8.5-ft 
wide, and 9.5-ft high. APL has already purchased some marine 
containers of this size. 

There are physical restrictions involved in carrying high cube 
containers on a double-stack container train. Cars on these trains 
can typically carry containers that are longer than 40 ft only on the 
top row. Some double-stack container trains cannot carry 48-ft 
containers on some (or all) of the top row. Height restrictions may 
apply on a particular route in terms of the tunnels or bridges 
involved. 

An ocean carrier may also take into account restrictions on 
moving high cube containers in the foreign ports that it serves. For 
example, Japan has restrictions on both length and height. Because 
of the narrow streets in Hong Kong, there are problems using 
containers over 40-ft long. 

CORPORATE STRATEGY 

Corporate strategies that integrate the foregoing issues are dis
cussed using APL for example. APL is one of the largest con
tainership operators in the transportation trade; its ships do not 
leave the Pacific basin. Consequently, APL must reach the U.S. 
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East Coast by rail. As part of its marine system, APL operates 
major port terminals, utilizes a worldwide satellite communication 
network and uses computers to control tens of thousands of pieces 
of equipment. 

In using double-stack container trains, APL made a strategic 
decision not only to enhance its existing marine service but also to 
diversify into a new field, domestic transportation. APL spent 
approximately $60 million to acquire the following from Brae 
Corporation: National Piggybank Services, Inc. (reportedly the 
nation's largest shippers' agent); National Piggybank Specialized 
Commodities (which focuses on movements of perishables); and 
Intermodal Brokerage Services, Inc. (which specializes in move
ment of time-sensitive cargos, primarily for U.S. automakers). 
APL has purchased its own double-stack container train equipment 
and controls the entire movement. APL has an advantage over 
others in soliciting domestic cargo because it has the only high 
cube marine containers over 40 ft on its double-stack train. APL 
only needs a railroad to haul the trains. 

No other ocean carrier has followed the APL strategy of pur
chasing domestic transportation operations. However, Sea-Land, 
one of the largest containership operators in the world, has also 
aggressively used double-stack trains. This U.S. flag carrier does 
not operate 1u1 all-water rmite from Asia to the U.S. East Coast; 
therefore, it also relies on double-stack container equipment it has 
purchased. 

A third U.S. flag carrier that has more recently entered the 
double-stack container train scene is United States Lines (USL). It 
owns the world's largest containerships with a capacity of 
4,456 20-ft equivalent units and serves both the U.S. East and 
West Coast from Asia. A double-stack container train from a West 
Coast port would be expected to compete with the East Coast 
service; however, by pla~ing containers on a double-stack service 
from the West Coast to Chicago, better transit time to the Midwest 
than is possible through the East Coast is provided, and apparently 
no major diversion of cargo from the East Coast service is caused. 

Foreign-flag ocean carriers did nor approach doubie-srnck con
tainer trains with the eagerness of APL or Sea-Land, but several 
are now involved (e.g., NYK, Mitsui OSK, and Maersk). Some 
foreign carriers have set up their own U.S. firms, and others have 
formed contractual relationships with existing U.S. companies. 
The introduction of the foreign carriers to the use of double-stack 
container trains was made easier by the aggressive promotion of 
this service by certain railroads such as Burlington Northern, and 
ports such as Seattle. 
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Although APL represents one extreme in terms of investment, 
the other extreme should be considered. A small containership 
operator, or a carrier that carries a relatively small number of 
containers as part of a combination-bulk cargo vessel service, 
cannot afford to spend millions of dollars on an activity not 
directly related to vessel operations. The firm does not have suffi
cient volume on a steady basis to write a long-term contract with a 
railroad. The company uses neither satellite communications nor 
computerized container-control systems. It has few, if any, sales 
offices in locations other than its ports of call. It does not have the 
financial resources to buy double-stack container railcars or the 
management resources to manage a separate domestic transporta
tion division. 

Such a small operator must take advantage of public services 
provided by railroads and ports. The Burlington Northern, the 
Chessie (CSX) and Conrail all provide (or did provide at one time) 
common carrier double-stack container train service. Seattle 
provides services to carriers and shippers including container trac
ing in some instances. The Port of New York and New Jersey 
served as a shippers' agent to promote Conrail double-stack ser
vice. Allhough not directly helping an ocean carrier, this activity 
helped to keep the double-stack service in operation. The Port of 
Ballil11u11~ has suLsiJized the rnte charged by CSX on double-stack 
service provided at its port. 

As carriers examine the issues involved and the exlreme range 
of strategies possible, they must decide on the particular strategy 
best for them. A carrier deciding to purchase its own double-stack 
container rail cars must determine the capacity of this equipment in 
terms of 40-ft, 45-ft, and 48-ft containers. The container widths 
may also vary at 8 or 8.5 ft. This decision should be tied to the 
carrier's desire to purchase high cube containers longer than 40 ft, 
as well as accompanying Jesigu changes that might have to be 
made to its vessels. If a carrier believes that all the existing and 
announced doubie-stack container train services will resulr in 
overcapacity, its decision to purchase railcars will also be affected. 

strategies to deal with. Allhough the decision-making process may 
be difficult, double-stack container trains appear to be here to stay, 
therefore, ocean carriers cannot afford to ignore them. 

Publication of this paper sponsored by Committee on Ports and Water
ways. 
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page 1 
Change title of paper to 

Freeway Modeling and Simulation for Personal 
Computers: Summary of the KRONOS IV Program 

PANOS G. MICHALOPOULOS AND JAWKUAN LIN 
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page 13 
Change title of paper to 

Deck Assessment by Radar and Thermography 

D. G. MANNING AND F. B. HOLT 
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page 29 
Following page 29, insert Closure to the Discussion by 
A. M. lonnides (pp. 27-29): 

AUTHOR'S CLOSURE 

The Authors appreciate the input of the discussant to this 
paper. The discussant correctly points out the use of tensile 
stress under edge loading for design of PCC pavements. 
Maximum tensile stress predicted by the layered elastic 
theory is only valid for interior loading condition. In the 
RPEDDl computer program, the tensile stress calculated by 
the layered elastic theory is corrected by multiplying it with 
a critical stress parameter (C,,J before using it for fatigue life 
pred iction (1, 2). The value of CP ranges from 1.05 to 1.60 
based on the research reported by Seeds et al. (3). 

The primary objective of the methodology presented in 
this paper and related references ( 1, 2, 4) is the prediction of 
the in situ Young's moduli. It is emphasized that deflection 
basins measured away from the pavement edge, joints, and 
other discontinuities should be analyzed by the RPEDDI 
and FPEDDI computer programs. These restrictions lead to 
the interior loading condition and support the validity of the 
use of the layered elastic theory. 

The information presented by the discussant on a com
parison of the layered and plate theories is interesting. The 
authors would like to present published results of other 
investigations that reflect somewhat different perspectives. 
In a paper published in 1969 (5 ), McCullough presented 
field verifications of Westergaard's solutions and layered 
elastic theory predictions. The paper shows that deflections 
and stresses predicted by the layered theory are higher than 
those predicted by the Westergaard interior equation. It was 
found that although the deflections predicted by the layered 

theory were somewhat higher than measured deflections, its 
response to the influence of the soil support value was much 
more representative of the actual condition than is that of 
the Westergaard equation. Haas and Hudson (6) also pre
sented a summary of the field verification of layered elastic 
theory predictions . 

Majidzadeh et al. (7) presented an excellent overview of 
various models for structural response analysis of pave
ments. The RISC program for Structural Analysis was used 
in the OAR procedure for rigid pavement rehabilitation 
design. The RISC program couples the finite element 
method for slab analysis with a three-layered elastic founda
tion. Their comparison of layered elastic theory and the 
RISC program shows that for the interior loading condition 
the responses from the two models are in agreement. 
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page 50 
Insert the following note to Figure 4: 

Where 

p = the azimuth angle from the driver's 
eye to a point P on the pavement; 

0 = the elevation angle from the driver's 
eye to a point P on the pavement; 

EZ = the driver's eye height above the 
pavement; and 

DX, DY, DZ = the longitudinal, horizontal, and 
vertical distance between the 
headlamp and eye point. 
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EX = EZ(fan 0 HZ = EX - DZ 
f/12 = Ez2 + EX2 HX = EX - DX 
EY = Hl Tan p HY = EY-DY 
H22 = Hl 2 + EY2 H3 2 = HX2 + HZ2 

a. = Tan-1 (HZ/HX), ~ = Tan-1 (HY/H3), 
H42 = H32 + HY2 

NCHRP Report 286 

page 43, Table 5 _ 
The prime is missing from B in the third row. The third 
row should read 

li' 39 23 14.5 12 

page 55, Table 7 
The prime is missing from B in the third row. The third 
row should read 

li' 31 18 11 11 

page 55, Table 8 
The coefficients given in Table 8 are for redundant load 
path members. They provide curves corresponding to the 
lower bound lines given in Figures 63 to 80. The tabu
lated values given in Table 5 are compatible with these 
curves. For nonredundant load path members, the corre
sponding curves are provided by multiplying the coeffi
cients in Table 8 by 0.8. 
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NCHRP Report 243 and Synthesis of 
Highway Practice 119 

page 44 of NCHRP Report 243 and page 67 of Synthesis 119 
Substitute the following revised Figure 45. 
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a. Pipe. b. Pipe Arch. c. Arch with 
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Slab Stabilization of Portland Cement 

Concrete Pavements 

C. M. PEDERSON and L. J. SENKOWSKI 

ABSTRACT 

The Research and Development Division of the Oklahoma Department of Transporta
tion (ODOT) undertook research to aid in the development of the department's 
special provisions pertaining to the stabilization of US-69, which had experi
enced accelerated deterioration and was scheduled for restoration. This effort 
consisted of determining the proper procedures to effectively stabilize the 
plain portland cement concrete (PCC) pavement, the quantity of material needed, 
and a method of verifying the quality of the stabilization operation for this 
particular highway. A general solution for the stabilization of all pavements 
is not proPosed, but a basis for the method of void identification and the 
techniques used in pressure grouting is established. 

Many of the portland cement concrete (PCC) pavements 
in Oklahoma are approaching the end of their design 
life and are showing signs of distress. In the past, 
a new road wou.ld be built or the pavement temPorarily 
upgraded by means of an asphalt overlay, today, there 
are methods for PCC pavement restoration. This pro
cess, known as concrete pavement restoration (CPR), 
is gaining nationwide attention. 

With the advent of the recycling, rehabilitation, 
resurfacing, and restoration (4RJ program, resources 
were made available to accomplish the much needed 
work on the Interstate system. The restoration part 
of the 4R program, particularly the slab stabiliza
tion of PCC pavements, is addressed in this paper. 

In May 1984, a Demonstration Project 69 (Portland 
cement Concrete Pavement Restoration) was done in 
conjunction with the FHWA Tri-Regional Pavement Reha
bilitation Conference in Oklahoma City, Okla. It was 
observed during the conference that each CPR activity 
was dependent on the stabilization of the slabs. It 
was clear that if the slabs were not stabilized 
properly, other activities such as diamond grinding, 
joint sealing, and patching may not perform as 
desired. 

Research to develop procedures for slab stabili
zation began in July 1984. The facts and conclusions 
drawn from this research are documented in this paper 
and specifications and procedures are recommended. 

BACKGROUND 

As a PCC pavement ages, several signs of distress 
such as faulting and pumping, may be detectable. 
These symptoms, together, indicate the presence of 
voids i .n the supporting layers beneath the pavement. 
Usually the voids are caused by the infiltration of 
water, along with the pLesence of an erodible mate
rial in the supporting strata, and the movement of 
the slabs ass.ociated with traffic (1). 

The method of slab stabilizati'On, addressed in 
this paper, is the process by which grouting material 
is pressure injected beneath a pavement so that it 
will be laterally distributed into voids that are 

Research and Development Division, Oklahoma Depart
ment of Transportation, 200 N.E. 21 St., Oklahoma 
City, Okla. 73105. 

present to displace either free water, air, or both, 
that may be located in them. Once the grouting mate
rial is injected and allowed to harden, it should 
provide incompressible, nonsoluble, nonerodible sup
port to t .he pavement (1_). 

The Research and Development Division of the 
Oklahoma Department of Transportation has been in
vestigating the methods of slab stabilization cur
rently in use. A literature review including ab
stracts revealed that there was little available on 
the subject of slab stabilization. Requests to sev
eral states for specifications on slab stabilization 
revealed a laLge variation in requirements from state 
to state. Therefore, a research effort was outlined 
and equipment purchased. 

The purpose of this study was to determine the 
pressure grouting criteria needed for the development 
of the Oklahoma Department of Transportation Special 
Provisions for Pressure Grouting Portland Cement Con
crete Pavement for Federal Aid Project MAF-186(170). 
The study determined (a) the proper procedures to 
effectively stabilize the pavement, (bl the quantity 
of materials needed for a full-scale restoration, 
and (c) a method of verifying the quality of the 
stabilization operation. The evaluation and verifi
cation of the technique and equipment associated 
with the Transient Dynamic Response (TOR) method 
were included, not only for void identification, but 
also to determine the feasibility of the TDR method 
as a quality control measure for slab stabilization 
operations. 

LOCATION 

The highway selected for the research was a 13-mi 
section of US-69, south of Muskogee, Oklahoma (Figure 
1). This section, constructed in 1978-1979, consists 
of a 9-in. plain PCC pavement with sawed joints every 
15 ft on a 4-in. fine aggregate bituminous base 
(FABB) with either O, 6, or 12 in. of lime-tLeated 
subgrade. A typical section of the roadway is shown 
in Figure 2. The road was designed with a predicted 
average daily trafUc (ADT) of 17 ,300 for 1996. The 
ADT is currently 9,800 with 21 percent trucks. 

Within the first year after construction minor 
faulting was detected at the joints. During the next 
few years the faulting increased in magnitude and 
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FIGURE I Map of location. 

pumping became evident. About 4 years after con
struction diminishing ride quality attracted some 
concern. 

A core investigation was conducted to evaluate 
the condition of t he pavement and the subgrade. The 
PCC cores showed satisfactory strength, while the 
subgrade soil condition was defined in the range 
from poor to very poor. Throughout its life , this 
segment o f highway had been the subject of several 
investigations . It was scheduled to become Okiahoma's 
first CPR project to begin in late 1985. 

In order to present the fi ndings of the studies, 
this paper has been organized into six categori~s: 
Void Identification, Grouting Material, Injection 
Holes, Grouting Operation, Quantities, and Quality 
Control. All slabs tested were in the outside lane. 
All the voids were identified as being in the base 
and with in 2 in. of the pavement-base i nterface. For 
brevity, only the data from Site l are included. 

VOID IDENTIFICATION 

To fill a void in the supporting strata beneath a 
pavement, it is necessary to know the characteristics 
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of the void. The dimensions, location , a nd boundaries 
of the void a re important variables that must be 
investigated to determine what procedures should be 
taken . The dimensions (area and thickness) of the 
void determine the quantities of material required 
for filling the void. The location (void pattern and 
depth) of the void determines the freq uency, loca
tion, and depth of the injection holes. These, along 
with the boundaries (confined or vented, material 
above , below or in the void, and mo is tu re) of the 
void, will determine the pumping requirements for 
the proper injection of the grout. 

Many tests are currenUy available to the engineer 
for obtaining required information. These tests are 
classified as either destructive or nondestructive . 
The destructive methods include coring , lifting of 
slabs , and excavation of the shoulder. The non
destructive testing (NDT) methods include visual 
surveys , roughness surveys, fault measurements, de
flection measureme.nts, and other sophisticated tech
niques. 

For the current investigation, a new, nondestruc
tive state-of-the-art method of void identification, 
known as TOR, was used along with other conventional 

1 .. 4'g" ·I~ 14 ______ 2_._· _____ ..,., .... .__ __ ,o_· __ ... , .... __ ~_·_.~1 

9" Plain PCC Pavtmtnt 

4" Flnt AGGlt - Bit Bm~::··: ·.:!<'.:i:~~g;:;i;~<;~.~~/:l}/1~:~{1;, 

FlGURE 2 Typical section of US-69. 
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tools. The basis of the TOR method is the analysis 
of steady-state vibration by the measurement of 
mechanical impedance. This method has been proved in 
the testing of piles in Europe <ll • 

The TOR method utilizes a twin-channel Spectrum 
Analyzer, an HP-85 computer, a plotter, a geophone, 
and a hammer with a built-in force transducer . The 
tes t is performed by plac ing the geophone fi rmly on 
the slab surface, and str iking the pavement with the 
instrumented hammer. The distance between the geo
phone a nd the poi nt of impact is kept constant 
th roughout the testing . Force and velocity signals 
are recorded a nd plotted ou t as the mechanical ad
mittance versus frequency (v/F) via Fast Fourier 
Transformation Analysis. The slope of the low fre
quency (up to 100 Hz) portion of the r esponse cu rve 
is t he apparent slab flexibility , s . The apparent 
slab stiffness, E' = l /S , is expressed in units of 
meter per second per Newton (m/ sec/N). The apparent 
slab stiffnesses can also be f ound on the plot. Three 
plots, aa shown in Figure 3, are labeled VOID, VOID?, 
and NO VOID • 

The existence of support for a particular point 
can be determined by the continuous increase of the 
curve in the 0 to 800 Hz range, as illustrated by NO 
VOID. A void is identified by any down slope in this 
region, as illustrated by VOID. The magnitude of the 
void, t hat i s the thic kness , can be correlated to 
the peak- t o-valley difference. The l arge r the dif
ference the thicker the void. A small difference , as 
illustrated in VOID? generally denotes a delami
nation. 

Through a series of tests on a given s l ab, infor
mation c an be assembled to yield a map of the void 
pattern. The more points tested, the more accurate 
the void pattern. A map of a typical void pattern is 
shown in Figure 4. 

FIGURE 3 Transient dynamic response output. 

In order to establish the reliability of the TDR 
method of void investigation, three sites (good , 
average, poor) were chosen. Selection was based on 
previous work in which it was determined that the 
level of faulting correlated with the Mays Ride Meter 
data on US-69. Each site consisted of 90 consecutive 
slabs. Within each site, nine slabs were selected 
for repea t testing to ver ify the consistency of the 
TDR method, and 15 slabs were selected to be stabi
lized and retested. Also, a slab was removed within 
each site, based on the data that was provided, and 
several cores were taken to verify the results. 

CENTER 
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SHOULDER 

FIGURE 4 Map of void pattern with grid system. 
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The data presented is limited to Site 1. This 
site was characterized, from previous work, as aver
age. All 90 slabs were tested and mapped. The fol
lowing day nine slabs were retested. The same slabs 
were teated again the third day. The stiffness values 
of the repeat testing for Points B3 and 03 on the 
slabs are shown in Figure 5. The area of the voids 
did not change significantly during the repeat test
ing. 

Fifteen stabilized slabs were also checked. The 
area of the voids before grouting and after grouting 
is plotted in Figure 6. The results indicated that 
the area of voids decreased with stabilization. How
ever, subsequent testing indicated that the voids 
reappeared when traffic resumed. This may be attrib
uted to the pounding action of traffic across the 
faulted joints; the pavement was not subjected to 
diamond grinding. 

Before and after stabilization, the slabs were 
subjected to deflection measurements according to 
industry standards (1,4-6). A truck with a single
axle load of 18 kip ~8 used for both static and 
dynamic loading and two dial gages were used to mea
sure the deflections. All deflections recorded with 
the 18-kip loading method indicated that voids were 
not present. In fact, lllOSt of the readings were com
parable to readings taken on a new pavement befoi:e 
traffic exposure (in the range of 5-thousandths to 
10-thousandths of an inch). However, the TOR method 
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identified voids under these slabs. The voids ac
cepted grout, and cores confirmed that the voids 
existed as mapped. 

Another approach was to remove one unstabilized 
slab from each of the three sites. It was found that 
the TOR method was not only useful in finding and 
mapping the voids, but de lamination in the base as 
small as 1/16-in. thick could also be located. Al
though the TOR method identified the area of the 
void, the thickness of the void could only be deter
mined through destructive mean.a, and, therefore, the 
volume of the void could not be determined. Also, 
.multiple lavers of voids were not lih•nH fl <?d , 

Slab testing became a nighttime operation when 
the daytime slab temperature exceeded 75°F causing 
slab lockup. 

GROUTING MATERIAL 

The material used in the investigation waa the stan
dard mix <1·!-llr that is one part (by volume) Port
land Cement Type 1, three parts (by volume) Class c 
fly ash, and sufficient water to achieve fluidity. 
The material was purchased premixed in 80-lb sacks. 
No additives were used. 

The fluidity of the grout was monitored with the 
use of a flow cone in accordance with ASTM C 939-81. 
Generally, the efflux time of the grout ranged from 
10 to 12 sec, compared to water at 8 sec. 

US 69 REPEAT TEST SECTION 
Site=I Position=B3 
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F1GURE 5 Plots of repeat testing. 
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The mix des ign used in the field was 13.2 gal of 
water for a four-sack mix (w/c ~ 0.34). A laboratory 
report on this design is shown as follows: 

• Mix Design Based on Absolute Volume 
l part cement (AASHTO-M-85) + 3 parts Class C 

fly ash (ASTM-C-618 C) , 51 percent 
Water, 49 percent 

• Compressive Strength Averages for Three Molded 
2-in. Cubes (AASHTO-T-106) 

1-day testing 141 psi 
3-day testing 203 psi 
7-day testing 811 psi 

Flow of mixture, 20.2 sec (ASTM C-939) 
Shrinkage or expansion, -7.9 percent (ASTM 

D-472) 
Water retentively 60 ml, 172 sec (ASTM-C-941) 
Initial set, 180 min (AASHTO-T-131) 

The set time in the field did not correspond to 
tha t in the laboratory. In many cases the grout ap
peared not to have hardened for several days. This 
was 'evident in cores that were taken, as well as 
from the slow hardening of discarded grout that was 
piled off the shoulder. 

INJECTION HOLES 

To fill a void supporting strata beneath a pavement, 
it is necessary to provide injection holes to access 
the void. The diameter, frequency, location, and 
depth of the injection holes are important variables 
that must be considered for effective PCC pavement 
stabilization. 

The diameter of the injection holes and the 
thickness of the void determines the cross-sectional 
area of the void that is exposed to the infiltration 
of the grouting material. If the diameter of the 
injection hole is reduced by one-half, then the 
cross-sectional area of the void is also reduced by 
one-half and vice versa. 

The frequency and location of the injection holes 
are subject to the ability of the grout to disperse 
through the voids. If the voids are large (thickness 
at the injection hole greater than 0.20 in.), then 

the grout is more likely to be distributed far from 
the injection hole, and perhaps COl!llllunioate up 
through other injec.tion holes or up through the 
joints. In this case, a few injection holes might be 
all that are needed. However, if the voids are in 
the early stages, there may be a need for many holes. 
It is important to keep the number of injection holes 
at a minimum while providing adequate filling of the 
voids. 

The location is also dependent on the borders of 
the slab. The injection holes are usually located at 
least 18 in. from any edge ( l, 5) • The depth of the 
injection holes determines which voids are subject 
to the infiltration of grouting material. If a void 
is lower than the bottom of the injection hole, it 
is unlikely that the grout will penetrate to that 
level. If there are several layers of voids in con
tact with the injection hole, the grout may only 
flow in the channel of least resistance. Therefore, 
repeated grouting of a particular location may be 
necessary to ensure that all the voids are filled. 

Ideally, to stabilize a PCC pavement the injec
tion hole should be designed to expose the maximum 
cross-sectional area of the void to the infiltration 
of grouting materiali the frequency, depth, and 
location of the injection holes should provide for 
proper distribution of the grouting material. 

The method of drilling injection holes has been 
improved since the days of mud jacking. However, 
limiting the weight of the hammer and the down pres
sure applied, has not prevented the occurrence of 
the bottom breakout of the slab known as cone fail
ure. This failure is the conical s.hattering of the 
bottom 2 in. of the slab within a 6-in radius of the 
injection hole. Cone failure still occurs to a large 
degree, although less frequently. To avoid this 
phenomenon on the US-69 project, the injection holes 
were cored. It takes more time to core holes than to 
drill them with a rock bit. However, coring equipment 
is available that can compete in terms of expedience 
as well as economy. 

GROUTING OPERATION 

Several factors lead to the success of the pressure 
grouting phase. Assuming the voids have been identi-
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fied, the injection holes properly selected and 
placed, and the proper grouting material available, 
the pressure grouting sequence begins. 

As mentioned earlier, the cross-sectional area of 
the void exposed to the infiltration of grout must 
be maximized. Some states have already implemented 
the flushing of injection holes with either air, 
water, or both. The US-69 investigation supports 
this practice. No problems were encountered when 
injecting grout into holes that were flushed with 
water. Flushing the holes with water removes debris 
that could potentially block the grouting channel. 
Also, by coring the in jection holes, fragments of 
cnnt'!rP~P .:a~~0~i~te~ '::i. t~ t~:: ?:l::=:;i.u; :;f ~:-,.:: ~ ;;vu i....Lu~ 

channel were eliminated, thereby eliminating the 
high pressures associated with the initial injection 
of the grout. 

The pressure at which the grout is injected plays 
an important role in slab stabilization because the 
uplift of the slab should be held to a minimum. 
Theoretically, for a 1?.- oy 15-ft free-standing slab 
of 9-in. PCC , an applied pressure of l psi is all 
that is needed to lift it. Additional pressure in 
the field is necessary only to overcome the fr ic
tional and mechanical, or both, restraints. For this 
investigation, there was no need to exceed 60 psi . 

The flow rate at which the grouting material is 
injected controls not only the rate of distribution 
but also the pressure buildup. The grouting material 
must be pumped in a manner that will allow time for 
continuous distribution throughout the void. If the 
grouting material is pumped at too high a flow rate, 
it may not have enough time to penetrate and the 
pressure will begin to build up. If the grouting 
material is pumped at too low a flow rate, the flow 
may not be continuous causing blockage and pressure 
buildup. A flow rate of 7 gal/min produced the de
sired distribution of grouting material. during the 
US-69 investigation. 

Another important aspect of pressure grou ting is 
the displacement of the free water and air. If the 
void is confined, water or air cannot escape. Because 
water is incompressible, there is the potential that 
an air pocket will be formed in the grout matrix 
when the water dissipates. However , if seepage of 
grout is noted in the j oints or i n adjacent holes , 
the possibility of pockets being formed is minimal 
because the specific gravity of grout is greater 
than that of water or air . 

Pumping at the injection hole was stopped if (a) 
the pumping pressure exceeded 60 psi (b) excessive 
grout was observed seeping up through the joints , or 
(c) if the slab was raised more than 0 .035 in. The 
low pressure and moderate flow rate allowed for 
greater control, and good distribution of the grout, 
thereby preventing excess ive raising of the slab. 

QUANTITIES 

The quantities of grouting material required for a 
full-scale restoration project on US-69 were based 
on t he vol ume of grout used to stabilize vacious 
slabs. It was found that the average slab required 
less than 2 ft' of materia l for stabilization. 

QUALITY CONTROL 

Verification of the grouting operation has been a 
most difficult task. Following the guidelines relat
ing to proof rolling, it was found that the 18-kip 
loading method can be meaningless because of the low 
magnitude of the deflections. On the other hand, the 
TDR method proved successful. 
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The TDR method yields two quantitative results, 
s tif:fness and void area . When an unstable slab has 
been stabilized, stiffness increases and the void 
area decreases. However, the TDR method is labor 
intensive, costly, and subject to environmental con
ditions . 

The most critical facto rs in a successful stabi
lization project are the inspector and the contractor 
who should have a thorough working knowledge of the 
en tire process, because their level of understanding 
determines the quality of the job (_!!.). 

........................ 
~VL•J.l"U'1.l\..l 

The effectiveness of slab stabili.:ation depends on 
the identification of the voids, the grouting mate
rial , the design of the injecticm holes, the tech
niques of grouting, and the competence of th.e work
ers ; the TOR method can map void patterns and measure 
the rel<1t.ive stiffness of PCC slabs; and finally, 
note that the 18-kip loading method of void detection 
can be meaningless. 

RECOMMENDATIONS 

The following recommendations are associated with 
the special prov1s1ons relating to the pressure 
grouting of US-69. 

1. Core the injection holes, 
2. Flush the injection holes with water before 

grouting, 
3. Limit maximum pressure to 60 psi, 
4. Specify the flow rate at 7 gal/min, 
s. Do not specify repeat grouting, 
6. Estimate the quantities based on 2 ft' of 

material per slab, and 
7. Do not specify proof rolling. 

Other general recommendations: 

1. Further investigation is needed to verify and 
refine the foregoing recommendations on a project
by-project basis, 

2. The TDR method should be further investigated 
as a quality control method for slab stabilization, 
and 

3. The effects and timing of each CPR activity 
on the stabilization of PCC slabs should be investi
gated. 
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Portland Cement Concrete Pavement Performance as 

Influenced by Sealed and Unsealed Contraction Joints 

STEPHEN F. SHOBER 

ABSTRACT 

In the 1950s and 1960s, the contraction joints in portions of several Wisconsin 
pavements were purposely left unfilled in an effort to determine the effect 
joint filling (and routine refilling) had on subsequent pavement performance. 
After 11 to 19 years of observation it was determined that the initial filling 
or refilling of contraction joints (40- to 100-ft spacings) had no beneficial 
effect on overall pavement performance. In 1974 a carefully designed joint and 
sealant study began with the objectives of evaluating the effect of joint spac
ing and joint sealing or nonsealing on total pavement performance, and evaluat
ing joint sealants. This study was conducted on a new 9-in. jointed reinforced 
concrete pavement on a well-drained subgrade, employed five joint sealants, and 
considered four joint spacings (20, 40, 60, and 80 in.). A total of 22 test 
sections were evaluated, including eight control sections in which the joints 
were left unsealed and 14 test sections in which the joints were sealed (the 
joints in these test sections were resealed to maintain a sealed system for 10 
years). Based on 10 years of monitoring total pavement performance (considering 
summer and winter ride, pavement distress and material integrity), it was found 
that some sealants served well for 10 years, short joint spacings gave the best 
pavement performance, and the pavement with unsealed joints had better per
formance than the pavement with sealed joints. It was concluded that there may 
be conditions and circumstances that do not justify the cost of sealing PCC 
pavement joints. 

In order to understand the origin of the subject of 
this paper, it is helpful to review past experience 
in Wisconsin relating to sealing of joints in port
land cement concrete (PCC) pavements. In 1953 a 
jointed plain concrete pavement (JPCP), with a 40-ft 
contraction joint spacing of 0.25-in. wide joints, 

Wisconsin Department of Transportation, Division of 
Highways and Transportation Services, 4802 Sheboyban 
Ave., Box 7918, Madison, Wis. 53707. 

was built on US-151 in two contiguous counties 
(Lafayette and Iowa) in the southern part of the 
state. In Wisconsin the counties perform the main
tenance work, and, at that time, PCC pavement joint 
resealing was, or was not, routinely performed in 
each county based on a number of factors. In both 
counties the joints and cracks were sealed (actually 
filled) with an asphalt-based sealant at the time of 
construction; but in Iowa County they were routinely 
resealed (refilled) to prevent the intrusion of in
compressibles and water, whereas there was no reseal-
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ing in Lafayette County. After 11 years of service 
and based on pavement performance factors (faulting, 
cracking, spalling, patching, etc.), S.T. Banaszak, 
Wisconsin Department of Transportation (WisDOT) , 
concluded: "It is quite apparent that the omission 
of the joint sealer resulted in better overall pave
ment performance than that of the sealed joints." 
(Unpublished data.) Clearly, the sealed joints were 
not sealed but only filled, yielding a partially 
sealed condition; however, this study indicated that 
keeping %ome of the water and incompressibles out of 
the joint was of no benefit to overall pavement per-

Based on the above experience and that of several 
other pavements on which sealing at the time of con
struction had inadvertently been omitted, several 
iconoclastic engineers propounded what at the time 
was, and to many stfll is, an outrageous question: 
Is it actually necessary to seal the contraction 
joints in PCC pavement? (_!). Their curiosity prompted 
a more systematic investigation. 

BACKGROUND 

Past Experience in Wisconsin 

In 1958 several test sections were placed in the 
southbound lanes on US-41 in Washington County. This 
jointed rei~forced concrete pavement (JRCP) was 9-in. 
thick, rested on a 6-in. gravel or crushed stone 
base course, and had 9 in. of granular subbase mate
rial. The subgrade soil had a K value of about 250 
pci. The joints, which contain load-transfer dowels, 
were sawed 0.25-in. wide at 100-ft intervals and 
filled with hot-poured sealant conforming to ASTM D 
ll90. One experimental section had sealed joints, 
one had alternately sealed and unsealed joints, and 
another section had all unsealed joints. 

The performance of the two types of joints (ini
tially sealed and unsealed) was monitored via bian
nual visual inspections. By 1966 the investigators 
were reporting that the condition of the unsealed 
joints was "far superior" to the sealed joints. 
Specifically, the unsealed joints exhibited less 
corner cracking and spalling than their sealed coun
terparts. 

Because of the previous report, the investigation 
was expanded, and in 1966 a second, larger exper i
mental project was started on WI-78 in northern 
Columbia County. This 4-mi segment of pavement was 
similar to US-41 in design features, except that 
contraction joints were spaced at 80 instead of 100 
ft. Like US-41, WI-78 was a four-lane divided high
way. The pavement structure, designed for a subgrade 
K value of 300 pci, consisted of a 9-in. JRCP, over 
6 in. of base course, and 6 in. of select excava
tion. The jo.i.nts in the southbound pavement were 
sealed with a hot-poured sealant (ASTM D 1190) , 
whereas the northbound pavement joints were left 
unsealed. It was also decided in 1966 to expand the 
objectives of the studies on US-41 and WI-78, and, 
what had begun as a study of joint performance be
came a study of pavement performance. 

In 1977, based on evaluation er i ter ia such as 
pavement distress and ride and materials integrity 
(one pav~ment was 19 and the other was 11 years old) , 
it was concluded that the inclusion or omission of a 
joint sealant at the time of construction did not 
exert a significant influence on pavement per
formance C!l • 

The three aforementioned studies were not well
designed research projects and all had one defi
ciency, that is, the joints were neither truly sealed 
nor could they be with the joint spacing, joint shape 
factor, and sealants used. Thus, although these 
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studies did clearly indicate that keeping some of 
the water and incompressibles out of the joint was 
of no benefit, they did not answer the real question 
concerning the cost-benefit of truly sealed con
traction joints. 

Experience of Others 

Until the mid twentieth century little progress had 
been made in the art of joint and sealant design 
since the first ;:t!1P"r,:.nt- 1_u:::if? 0f ~ ~e~!~~t i~ !'C~~ 

construction in seventh- or eighth-century B.C. 
Mesopotamia where asphalt block or asphalt brick 
pavements were built, the asphalt serving as a 
sealant and cement (2,_3). until then, most sealants 
were merely asphaltic-biised compounds and little or 
no attention was paid to allowable sealant exten
sions, sealant strains, or joint shapP. fa"t-on<. How
ever, in the 1950s joint and sealant design began to 
be subjected to scientific investigation, the pre
eminent contribution being made by Egon Tons in the 
late 1950s !,~_, 2_) • Such investigation, coupled with 
the development of new and promising sealants, helped 
usher in an era in which there was at least the po
tential for designing a joint that would remain 
sealed. 

By the early 1970s there was a tremendous volume 
of research and information on PCC pavement joint 
sealing; however, the vast bulk of this research was 
on joint or sealant performance. There appeared to 
be a dearth of information available on overall 
pavement performance as influenced by joint sealing, 
the emphasis being placed on the secondary issue of 
sealant and joint performance. The benefit of keeping 
incompressibles and water out of joints appears to 
have been accepted in general, with few or no quali
fications as to pavement type, subgrade characteris
tics, environmental conditions, or material prop
erties. 

Origin of Pavement Performance Study 

Although the findings of the studies in Wisconsin 
were provocative, they were not conclusive. The 
searches for information from other agencies on total 
pavement performance (as influenced by joint sealing, 
or lack thereof) was even less conclusive because 
most research was devoted to only sealant or joint 
performance. This lack of information was enough to 
justify a carefully controlled study of the subject 
in the state. However, the great advances in joint 
sealing theory and sealing materials, coupled with 
the research by other agencies on the benefits of 
close contraction joint spacings, compelled the state 
in 1973 to begin a study of pavement performance as 
influenced by sealed and unsealed contraction joints 
at various spacings. 

OBJECTIVES 

The a priori arguments concerning joints and joint 
sealing were set aside to take a fresh look at pave
ment performance. The objectives of the study were 
to evaluate (for a period of 10 years and possibly 
longer): 

1. The effect of joint sealing, or lack thereof, 
on total pavement performance; 

2. The effect of joint spacing on total pavement 
performancei and 

3. The performance of various joint sealants. 
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STUDY DESIGN 

Highway Fac tors 

The pavement test area is a 9-in., slip-formed, mesh
reinforced, dowelled PCC pavement. The test area is 
on US-51 from Wausau to Merrill in Marathon County 
(north-central portion of the state). US-51 is a 
four-lane divided highway with an average daily traf
fic (ADT) of 7,000 (11 percent heavy vehicles). The 
subgrade is a sandy glacial outwash material. The 
8-in. base course, concrete coarse aggregate and 
shoulders are a crushed gravel (primarily igneous 
material). No shoulder pavement was placed on the 
crushed gr avel shoulders. Wisconsin's crushed gravel 
for base and shoulders is well graded and is not 
considered to be free draining (maximum size is 0.75-
in. with a P200 of 3 to 10 percent for base material 
and 8 to 15 percent for shoulders). 

Winter maintenance for snow and ice control con
sists primarily of plowtng and chemical application; 
few, if any, abrasives have been used on this section 
of highway. This portion of the state receives 30 in. 
of rainfall annually and temperatures commonly range 
from l00°F to -40°F. 

Research Features 

Four contraction joint spacings of 20, 40, 60, and 
BO ft were used for this study. At the time, a 20-ft 
contraction joint spacing was considered a practical 
minimum; however, within 3 years the state routinely 
used a shorter joint spacing. All joints were cut 
transversely with respect to the centerline. 

The intent of the study was to use one or two of 
the mos t promising sealants from three sealant groups 
(thermoplastic, chemical setting, and preformed seal
ants), Based on contact with other states and infor
mation from a literature search by the Transportation 
Research Information Service, four sealants, together 
with the standard sealant, were selected for inclu
sion in the study. 

l. Rubberized asphalt (Federal Specification 
ss-s-1401) , 

2. Coal tar-based polyvinyl chloride (ASTM D 
3406) I 

3, Two-component cold-pour polysulfide (Federal 
Specification SS-S-00195A), 

4. Preformed neoprene compression seal (ASTM 
D2628), and 

5. standard sealant (ASTM Dll90). 

Two test sections were used for each combination of 
joint spacing and sealant (including no sealant in 
the joints) . Therefore, a total of 22 test sec tions 
(each a nominal 1,000 ft in length) were used (Figure 
land Table 1). In 14 test sections all the joints 
were sealed and in 8 test sections all the joints 

·"-' "-;-\ .· .. 6-.·. - · . .. 
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Teat aectlona Identified by number - aee Table 1. 

NBL (To Merrill) 
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FIGURE 1 Schematic drawing of test section layout. 
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TABLE 1 Characteristics of the Various Test Sections 

Sealant Original 
Joint Depth Joint 

Test Spacing to Width Width 
Section Sealant (ft) Ratio (in.) 

I Polyvinyl chloride 20 2.7 3/8 
2 Preformed compression 40 NA8 3/8 
3 None 40 10 1/4 
4 Polysulfide 20 1.2 5/8 
5 None 80 10 1/4 
6 Standard 80 10 1/4 
7 Polysulfide 40 0.6 1-1/4 
8 None 20 10 1/4 
9 None 60 10 1/4 

10 Preformed compression 60 NA' 1/2 
II Rubberized asphalt 20 1.0 7/8 

Note: See Figure 1 for schematic drawing of test sections. 
8NA = not appllcabJe. 

were left unsealed. Test sections were randomly 
placed; no attempt was made to place all sealed test 
sections next to one another and all unsealed test 
sections next to one another. It was recognized that 
the performance of one test section may influence 
the performance of a contiguous test section. There
fore, the use of two test sections for each combina
tion of joint spacing and sealant provided a replica 
test section to help determine if one test section 
influenced another. 

The design of the joint width for the joints in 
each test section (except the unsealed and standard 
joints that were 0. 25-in. wide) was based on data 
from Wisconsin (~) , the Arner ican Concrete Institute 
<l>, sealant manufacturers (,!!), and other states' 
agencies (2_) • The sealant shape factor (depth to 
width ratio) was based on manufacturer recommenda
tions and design aids (.!.Q) (Table l) • 

The centerline joint was sealed with either a 
rubberized asphalt or polyvinyl chloride sealant, 
and the centerline joint was only sealed in the test 
sections that contained a sealant in the transverse 
joints. More detailed information on the study design 
and layout is available elsewhere (11,12). 

Pavement Performance Indicators 

The pavement performance indicators for this study 
are as follows: 

l. Three pavement performance indicators were 
documented annually for 10 years. 

a. Ride was measured summer 
scale from 0 to 5 according 
Roadmeter, a response-type 
measuring system. 

and winter on a 
to the Wisconsin 

road roughness 

b . Pavement distress (faulting, blowups, 
cracking, joint spalling, etc.) was measured each 
fall. 

c. Sealant performance was determined each 
winter. 
2. Thousands of joint movement readings were 

taken at various temperatures throughout the year 
for several years to determine joint movement as a 
function of joint spacing and temperature, 

3. Cores were taken when the pavement was 10-
years old to observe subsurface distress at joints. 

COSTS 

To estimate cost-effectiveness, the cost for a pave
ment with unsealed joints must be compared to a 
similar pavement with sealed joints, that is, the 
costs to maintain the joints in a sealed condition 
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must also be included. Thus, the costs to create and 
maintain a sealed joint system must be offset by an 
equivalent increase in pavement performance and life 
in order for joint sealing to be cost-effective. 

The costs (including the pavement, initial saw 
cut, re i n£or c ement, an~ dowe l bars ) for th e pave men t 
with u nsealed joints a ve r aged $7.26/yd'. The addi 
tional costs to c reate a s ea l e d joint system (in
cluding the s econd saw cut to create an appropriate 
joint s hape factor , backing mater ial, c leaning and 
sealing) ranged from 8.2 to 22.5 percent of the costs 
for the pavement with unsealed joints. When the costs 
for maintaining the joints in a sealed condition for 
10 years are added, the pavement with sealed joint 
systems costs up to 45 percent more than a similar 
unsealed pavement. 

As a point of interest , the cost for sealing 
joints was not so much related to the sealant cost 
as it was to the extension range of the sealant. For 
example, the relatively inaxpansive rubberized 
a s phalt had a l ow extension range and accord ingl y 
requ i r ed sawi ng a wide s ea l ant r eservoi r; therefore, 
c onsider i ng al l costs , the u se of ' this sealant re
sulted in higher costs than the expensive sealants 
that had a larger extension range and required less 
saw cutting. 

RESULTS 

The following results are based on 10 years of data 
collection. 

Joint Movement 

The average joint opening in inches expected from 
the warmest to coldest temperature was found to be 
O. 0448 + O. 0044 x joint spacing in feet. Therefore, 
for a 40-f t joint spacing the average joint will move 
0.22 in. from maximum closure to maximum opening. 

Further information on joint movement studies and 
resulting joint design aids is available elsewhere 
(11). 

Maintenance of seals 

Criteria for distinguishing a sealed from an unsealed 
joint system was derived from a percentage of sealant 
failure (20 percent). If less than 20 percent of the 
linear feet of sealant in a test section had failed, 
the test section was considered sealed. Whenever 20 
percent or more of the linear feet of sealant in a 
test section revealed a sealant failure that allowed 
water or incompressibles into the joint, the en t ire 
test section was considered unsealed, and was re
sealed in kind as soon as possible. 

The preformed neoprene compression seals, in the 
test sections with a 60-ft joint spacing, failed 
very early in the study and no attempt was made to 
reseal these joints. In all other test sections, if 
resealing was required more than three times in 10 
years attempts to maintain a sealed joint were 
abandoned. Accordingly, the test sections with the 
60- and 80-ft joint spacings were not, or could not, 
be kept sealed and attempts to reseal the joints 
were abandoned. Therefore, the test sections with 
6 0- and 80-ft joint spacings were not kept sealed 
but existed in a partially sealed condition for most 
of the 10 years. The test sections with the 20- and 
40-ft joint spacings could be, and were, kept sealed 
for the entire 10 years. 

Resealing joints with poured sealants was accom
plished by removing the old sealant, cleaning the 
concrete sidewall, and placing the new sealant. The 
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preformed neoprene compression seals failed in 4 
years in the test sections with a 40-ft joint spac
ing. The joi nts with the prefo r med neoprene compres
s ion seals were resealed by removing the old seal, 
resawing the joint to a greater width, and then in
stalling a new preformed neoprene compression seal. 

The unsealed joints were not blown or flushed; 
incompressibles wer e allowed to remain in place. The 
centerline joints that were sealed remained sealed 
throughout the study. 

From this study, it was found that sealants can ex
hibit the lives given in Table 2 (based on the 20 
percent failure criteria), if properly placed in an 
adequately designed joint. For some sealants the 
life has been extrapolated from present conditions. 
The1e ls a range in life for the preformed neoprene 
compression and polysulfide sealants. The shorter 
life for the polysulfide sealant is for the 40-ft 
joint spacing and the longer life is for the 20-ft 
joint spacing. Better joint design and material 
specification (data derived from this study) has 
lengthened the anticipated life for preformed neo
prene compression seals in a 40-ft joint spacing 
from 4 to 10 or more years. 

TABLE 2 Life of Properly Placed 
Sealants 

Sealant 

Rubberized asphalt 
Polyvinyl chloride 
Preformed compression" 
Polysulfide 

8 For the 40·ft joint spacing. 

Pavement Distress 

Life (yr) 

5 
10 
4-10+ 
8-12+ 

Pavement distress was determined from all observed 
forms of distress. No faulting was observed; the 
joints had positive load transfer devices. In Wis
consin, pave men t blowups often begin be f o r e 10 years 
of agei howe ve r, no blowups were observed in any of 
the 22 test sections. Because the pavement in this 
study has had a history free of blowups, the results 
and conclusions of this study are to be understood 
in the context of these observed conditions. The two 
significant pavement di s tress type s observed were 
joint spalling and panel cracking (transverse, 
longitudinal, and diagonal). 

Joint Spalling 

Any joint distress that developed within the first 
year of the pavement's life was considered to result 
from factors other than those relating to joint 
spacing and sealing. To compensate for such factors, 
the change in joint distress from l to 10 years will 
be considered (Figure 2). Recall that the joints 
were only partially sealed in the sections with a 
60- and 80-ft joint spacing. The spalls did not pre
dominate in any one area along a joint (such as in 
the corner areas), but were fairly well distributed. 
In most cases the joint spalling was slight to mod
erate in severity (partial depth and less than 4-in. 
wide). Therefore, the extent of spalling is the pri
mary concern. It is immediately clear that (a) for 
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FIG URE 2 Joint distress versus joint spacing. 

the sections with sealed joints, there was a large 
increase in joint distress with joint spacings above 
20 ft and (b) the unsealed joints had much less 
spalling, regardless of joint spacing, than the 
sealed or partially sealed joints. 

An increase in joint distress with joint spacing 
is understandable, but the small amount of joint 
distress for the unsealed sections (0. 25-in. wide 
joints), regardless of joint spacing, is unexpected. 
Some of the joint distress in the sealed sections is 
due to the resealing operations that occasionally 
caused small spalls; however, the superior per for
mance of the unsealed sections appears inexplicable. 

Panel Cracking 

Panel cracking refers to all forms of full-depth 
cracking within a panel (area bounded by transverse 
joints and pavement edges). The panel cracks were 
not corner breaks typical of those due to lack of 
support or pumping. The panel cracks were primarily 
transverse cracks with a small amount of longitudinal 
and diagonal cracking. All forms of panel cracking 
per test section were summed (Figure 3) and the re
sults indicate that (a) there was a dramatic increase 
in cracking for panel lengths over 40 ft, and (b) 
there was more cracking in the sealed and partially 
sealed sections than in the unsealed sections. 
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FIGURE 3 Panel cracking versus joint spacing. 
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Although the difference between the amount of 
panel cracking in sealed and unsealed sections is 
not considered significant, the difference in crack
ing between the partially sealed and the unsealed 
sections of the same joint spacing is significant. 
The large increase in panel cracking for the larger 
joint spacings, regardless of whether joints are 
sealed or not, is of real concern (Figure 3). Because 
most of the panel cracking occurred within the first 
year of the pavement's life, it is believed to result 
from factors other than loading. Such panel cracking 
apparently results from the base's frictional re
straint to concrete movement, for example, from 
thermal contraction and concrete shrinkage. The 
base's frictional restraint increases with increas
ing panel lengths, causing more cracking in the 
longer panels. The large amount of panel cracking in 
the longer panels is common and is one of the reasons 
for the use of shorter joint spacings. 

The results shown in Figures 2 and 3 indicate a 
clear preference for the use of short joint spacings 
and unsealed joints. Even if there were indications 
that sealed and unsealed sections behave more simi
larly than data suggest, they would not explain the 
lack of superior performance of the sealed sections, 
which is necessary to justify sealing costs. 

Change in Ride 

Considering all test sections, the change in ride 
from the I-year old pavement to the 10-year old 
pavement was approximately 0. 5 psi (pavement ser
viceability index), indicating that (a) sealed, par
tially sealed, and the unsealed sections decreased 
in ride a similar amount; (b) summer and winter rides 
were similar; and (c) joint spacing had little or no 
effect on the change in ride. 

It was believed, before this study, that the in
filtration of water in the unsealed joints would 
cause a much rougher winter ride in the unsealed 
test sections than in the sealed sections. This did 
not prove to be true. 

PCC joint repair projects on other highways have 
revealed a cone of disintegrated concrete beneath 
most joints. It is believed this cone is partly due 
to compressive forces that tend to concentrate in 
the lower portion of the joint--such concentration 
being the result of incompressibles in the joint, 
especially the lower portion. In the pavement project 
described in this paper, the unsealed joints have 
been filled with incompressibles (except the upper 
one to 3 in. in the wheel paths) from shortly after 
the time of construction. Cores taken at joints at 
10-years old indicate no distress beneath any joints 
regardless of joint spacing or sealing. Although 
this distress may become significant in the future, 
at this point there is no difference in material 
integrity as a result of joint sealing or joint 
spacing. 

CONCLUSION 

After 10 years of observation, the following conclu
sions are justified for this study. Recall that the 
pavement under consideration had positive load 
transfer at the joints, was on a well-drained sub
grade, had a blowup-free history, was in a northern 
climatic zone and had gravel shoulders. 

1. The pavement with unsealed joints performed 
better than the pavement with sealed joints, 
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2. The pavement with shorter joint spacings per
formed better than the pavement with the longer joint 
spacings, 

3. There are sealants that can keep joints ef
fectively sealed for 10 years when placed in a prop
erly designed joint, and 

4. Contraction joint sealing costs cannot be 
justified. 

SUMMARY 

Wh@n tnt1!111 n11u~m~nt. nPrfnrmanr.,::a iR ~t:"nRit:l'?!':'t'.I; th'? 
results from.lo years 

0

of experience on US-51 indicate 
that shorter joint spacings (e.g., 20 ft) lead to 
better pavement performance than longer joint spac
ings, which was an expected result supported by other 
agencies. However, the conclusion that pavements with 
unsealed joi.nts performed better than those with 
sealed joints, is provocative. 

Arguments may be made to show that sealed and 
unsealed test sections behave more similarly than 
the data suggest. However, such efforts could only 
prove, at best, equality of performance, which does 
not sufficiently justify the cost of sealing over 
nonsealing. The entire costs for maintaining a sealed 
pavement for 10 years, from sawing a joint reservoir 
and sealing it to resealing the joint when needed, 
amounted to as much as 45 percent more than the cost 
for a similar unsealed pavement. Therefore, to jus
tify this cost, there would have to be (a) a much 
greater serviceability (ride) during the pavement's 
life, (b) much less maintenance, or (c) a signifi
cant increase in pavement life. At this time, there 
is no basis for such justifications. 

The results of this study correspond to the pre
cursory studies made in the 1950s and 1960s. Today, 
WisDOT routinely uses a joint spacing of 20 ft or 
less and is conducting other sealed versus unsealed 
joint studies because the efficacy of joint sealing 
is in question. These other studies were necessitated 
because the present study had limitations and the 
following questions still remain unanswered: 

1. Although joint sealing appears not to be 
beneficial for dowelled contraction joints, is the 
same true for nondowelled joints for which there is 
greater opportunity for pumping and faulting? 

2. Although joint sealing appears nonbeneficial 
on a well-drained subgrade, would it be beneficial 
on a heavy, poorly-drained soil? 

3. Is joint sealing justified where blowups are 
more prevalent? 

A true assessment of joint sealing must be based 
on total pavement performance, not just sealant and 
joint performance. This study clearly indicates there 
are situations for which joint sealing may not be 
justified. Even if pavement performance can be en
hanced and pavement life prolonged by joint sealing 
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and resealing, the cost-benefit of such operations 
has to be evaluated. Considering the costs for all 
sealing operations, a pavement would have to ride 
better, require less maintenance, or its life would 
have to be extended many years to make sealing a 
sound investment. 
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. Deck Assessment by 

Radar and Thermography 

D. G. MANNING and F. B. HOLT 

ABSTRACT 

A systematic approach to bridge deck rehabilitation requires considerable data 
on the condition of decks. In the past, data were collected using the tradi
tional methods of visual inspection supplemented by physical testing and coring. 
Such methods proved tedious, expensive, and of limited accuracy. Research 
studies were undertaken to develop methods for the rapid and automatic collec
tion of data on the condition of bridge decks, resulting in the deck assessment 
by radar and thermography (DART) system. As the acronym implies, DART utilizes 
two basic systems: impulse radar and infrared thermography. A prototype vehicle 
was equipped with both the radar and thermography equipment. The vehicle is 
driven slowly across the bridge deck and data are collected and stored on 
magnetic tape. Programs were written that would then retrieve and automatically 
process the data to produce a scaled plan of the bridge showing the location 
and type of deterioration present. DART can be used on exposed concrete decks 
and on concrete bridge decks covered with a bituminous wearing course. 

The development of a systematic approach to bridge 
deck rehabilitation (_!) created the need for con
siderable data on the condition of bridge decks in 
Ontario. Defects and deterioration need to be located 
for two principal reasons: (a) to establish prior
ities for rehabilitation, and (b) to determine the 
method of rehabilitation and prepare the contract 
documents. 

For the first step, it is sufficient to determine 
only the approximate extent of any deterioration. 
The information is used to develop the future reha
bilitation program and has traditionally been col
lected through a visual inspection together with a 
limited amount of physical testing. However, much of 
the deterioration can be hidden and go undetected. 
Second, an accurate measurement of the size and 
location of each type of deterioration is required. 
This information not only affects the selection of 
the method of rehabilitation, but also the quantities 
to be included in the repair contract. In the past, 
the data were collected through a detailed condition 
survey of the deck (2) • Existing procedures require 
a thorough visual inspection supplemented by physical 
testing that includes a chain-drag survey and mea
surement of electrical potentials. Cores are taken 
and tested for chloride content, air-void analysis, 
strength, and sometimes, a petrographic analysis is 
made. The testing is expensive, and costs vary with 
deck size and location with an average of (Canadian) 
$12/m' or about (Canadian) $6,000 for a typical 
bridge deck. 

Despite this systematic approach, the information 
is sometimes of limited accuracy. This is especially 
true when the deck has a bituminous surfacing. Even 
though sections of the surfacing are removed at 
selected locations in the course of a detailed con
dition survey, it is difficult to determine the con
dition of an asphalt-covered concrete deck slab with 

D.G. Manning, Ontario Ministry of Transportation and 
Communications, 1201 Wilson Ave., Central Building, 
Downsview, Ontario, Canada, M3M IJ8, F.B. Holt, 
Donohue and Associates, 600 Larry Court, Waukesha, 
Wis. 53186. 

any degree of confidence. A further disadvantage of 
the traditional methods of investigation is that the 
survey of a bridge deck usually takes a few days, 
and this results in a major disruption of traffic 
flow. 

Research studies were undertaken to investigate 
improved methods of detecting defects in exposed 
concrete (l_) and asphalt-covered bridge decks (_!). 
The culmination of these studies was the development 
of the deck assessment by radar and thermography 
(DART) system. The results of the research studies 
are summarized in this paper and the prototype DART 
unit is described. 

TYPES OF DETERIORATION 

The most serious form of deterioration is that caused 
by corrosion of embedded reinforcement. As the re
inforcing steel corrodes, it expands and creates a 
crack or subsurface fracture plane in the concrete 
at or just above the level of the reinforcement 
(Figure 1). The fracture plane, or delamination, may 
be localized or extend over a substantial area, 
especially if the concrete cover to the reinforce
ment is small. It is not uncommon for more than one 
delamination to occur on different planes between 
the concrete surface and the reinforcing steel. 
Delaminations are not visible on the concrete sur
face. However, if repairs are not made, the delami
nations progress to open spalls and, with continued 
corrosion, eventually affect the structural integrity 
of the deck. Spalla on exposed concrete decks seri
ously impair the riding quality of the deck. 

Scaling, which is the breakdown of the cement
paste matrix, is also a serious problem wherever it 
occurs. The disintegration of the concrete, which is 
caused by the freezing of concrete critically satu
rated with water, begins at the surface and gradually 
progresses so that the full depth of a deck slab may 
be affected. In Ontario, scaling most commonly occurs 
in older, asphalt-covered deck slabs built without 
the benefit of air entrainment or a waterproofing 
membrane. 

On asphalt-covered decks, bond failure may occur 
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FIGURE 1 Corrosion-induced 
delamination in a concrete core. 

between the concrete deck slab and the bituminous 
surfacing. Debonding can result in moisture being 
trapped on the surface of the concrete and, where 
thin surfacings are used, can lead to failure of the 
bituminous surfacing. Although debonding is not as 
serious as either delamination or scaling, it can be 
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confused with these two phenomena in surveys and, 
consequently, it is important to be able to identify 
and define debonded areas. 

Cracking is the most common defect in concrete. 
However, with the exception of delaminations, cracks 
are usually easy to identify and were, therefore, 
not included in the research studies. 

INVESTIGATIONS ON EXPOSED CONCRETE DECKS 

The first studies were conducted on exposed concrete 
decks during the period 1977-1979 and were designed 
____ ,: J:.: __ ,, •• 

""'.t""''"''"" .. .._""''""~ ......... J' 

delamination. 

_.:1_.._ _ _ .L..1--
uc ~ca ... ~..a.u~ 

Most methods, including the use of a hammer or a 
chain, rely on the fact that a delaminated area pro
duces a character is tic dull sound when the surface 
of the concrete is struck. These methods are tedious 
and depend on the skill of the operator. They can be 
difficult to use when a bridge deck is only partially 
closed to traffic and there is noise from vehicles 
in adjacent lanes. A machine was developed to elimi
nate the subjective judgment of the operator <il • It 
consists of three basic components: a tapping device, 
a sonic receiver, and a system of signal interpreta
tion. However, the machine has only limited accuracy 
(~). 

The detection of delaminations by infrared ther
mography is based on the difference in surface tem
perature that exists between delaminated and sound 
concrete under certain atmospheric conditions. The 
delaminations interrupt the transfer of heat into 
and out of the deck. Consequently, in periods of 

21 

20 
19 

18 

17 

16 

15 

14 

AMBIENT AIR---·· 

1312 I 
NOON 

23456789IOlll2123456789IOlll2 
MllNIGHT HOON 

TIME OF DAY 

FIGURE 2 Typical diurnal temperature distribution in a thick slab deck in 
summer. 
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heating , the delaminated concrete heats more rapidly 
than surrounding areas of sound concrete and a dif
ference. in surface tempera tu.re develops. The reverse 
situation occllrs during periods of cooling, usually 
during the night. Figure 2 shows a typical tempera
ture variation during a 24-br period in the top 240 
mm of a thick slab deck with an exposed concrete 
surface on a summer day under clear skies. 11 sub
stantial temperature gradient was recorded in the 
top 65 mm of the deck where delaminations occu.r most 
frequently . During the hotte1>t part of the day , the 
concrete temperature decreased with the depth below 
the deck surface and at night the 1>ituation was 
reversed . Similar temperature distributions have 
been recorded on thin slab decks in both summer and 
winter, although the temperature gradient is less in 
winter. 

Figure 3 s hows the temperature variation in sound 
and delaminated concrete measured by thermocouples 
i nstalled 6 mm below the surface. During the test 
period the difference in surface temperature between 
the solid and the delaminated concrete reached 3°C. 
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FIGURE 3 Difference in temperature between 
solid and delaminated concrete on a thin slab 
deck. 

Infrared dete·ction systems are used for the remote 
measurement of the surface temperature of an object. 
A typical system consists of an infrared sensitive 
scanner 1 a display monitor, and a power source . The 
typical temperature differences shown in Figure 2 
are well within the capabilities of many scanners 
with a sensitivity of be-tter than o. 2~c. The image 
from the scanner is displayed on a cathode ray tube 
and indicates the surface temperature of the object 
being viewed in a continuous range of gray tones 
from black to white. During daytime hours, when the 
delaminated areas are hotter than the surrounding 
solid deck surface , they appear as white areas 
against a dark backg.round . A permanent record of the 
image can be made using an instant camera or a video 
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recorder. Color monitors are also available but are 
not well suited to bridge deck applications because 
of the difficulty of recognizing the physical fea
tures on the deck (e.g., oil spots , debris in the 
curb area, or pavement markings) in the image. Fur
thermore, the types of deterioration present are 
generally not associated with a single color level . 

The £irst series of tests was made at ground level 
using targets to locate the position of the image 
(Figure 4). Although the delaminations were easily 
identified, the method was impractical because of 
the limited field of view and the difficulty of con
structing a plan of the deck from photographs taken 
at an oblique angle. 

FIGURE 4 Infrared thermovision equipment being operated at 
ground level. 

Airborne testing was undertaken using a scanner 
mounted in a helicopter. Although this method had 
the advantage of not requiring lane closures, the 
quality of the image was substantially reduced. The 
use of the helicopter was also complicated by the 
requirement to obtain a waiver of air regulations to 
fly at low altitude over the bridge decks. The best 
compromise between these two extremes was the use of 
a vehicle-mounted scanner, which resulted in an ac
ceptable field of view and good definition of the 
delaminations. 

INVESTIGATIONS ON ASPHALT-COVERED DECKS 

During the period 1980-1982, the work on exposed 
concrete bridge decks was extended to a much more 
detailed evaluation of methods for investigating the 
condition of asphalt-covered decks. The objective of 
this research was to identify reliable methods of 
defining the type and extent of defects and deterio
ration. It was also desirable that the methods be 
rapid, inexpensive , noncontact, and capable of having 
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the data transcribed to a scale plan of the bridge 
deck using automated equipment. 

A test site was created by selecting a typical 
bridge that exhibited corrosion- induced distress. 
This deck was surveyed and then paved with two 40-nun 
thick lifts of bituminous surfacing without first 
making repairs. Areas of scaling and debonding were 
simulated before paving (4). Consequently, the loca
tions and type of deterioration were known and the 
capabilities of different test methods could be 
evaluated under controlled conditions. 

Eight tests methods were investigated (4) and the 
results obtained are sununarized in Table 1: The moet 
!_:'~i::-~i!:i:i.; t::::h:'i.i~u.~o we~~ fvu1·1U '-.u u~ infrared ther
mography and impulse radar. 

Thermography 

Several conunercial infrared systems were tested at 
grountl level tr om a boom truck and , in some cases, 
from a helicopter. This work confirmed that the truck 
was the most practical platform in terms of accuracy, 
cost, and speed. The optimum height above the deck 
was in the 4- to 6-m-range to provide the best defi
nition of delaminated areas with the least inter
ference from reflected radiation, and to enable the 
full width of the traffic lane to be investigated 
during a single pass . 

'l'emperature m.easurements showed that a delamina
tion in the concrete deck slab produced a difference 
in the surface temperature of the bituminous surfac
ing during periods of heating . As with the exposed 
concrete decks, this occurs because the delamination 
interferes with heat flow through the deck and a 
higher surface temperature is associated with areas 
of delamination. However, the maximum difference in 
surface temperature recorded was 2°C at 2 p.m. and 
the time of day when delaminations could be identi
fied was limited to 11 a . m. to 6 p.m. The ability to 
detect delaminations on asphalt-covered decks was 
also found to be much more sensitive to atmospheric 
conditions such as wind, humidity , and cloua cover 
than on exposed concrete decks. 

Despite the dependence on weather conditions, the 
results using thermography to detect delaminations 
were very encouraging. The system detected more than 
90 percent of the known delaminations, some of which 
were less than 150 mm in diameter . Debonding was not 
detected because it did not produce a thermal dis
continuity. The inability to detect scaling was 
ascribed to the fact that the areas of simulated 
scaling were all adjacent to the curbs and any dif
ference in surface temperature was masked by the 
difference in emissivity between the asphalt deck 
surface and the concrete curbs, The major technical 
problem t.o be overcome was identified as the produc
tion of scaled hard copy from the image stored on 
videotape. 
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The use of low-power, high-resolution, ground-pene
trating radar for detecting deterioration in concrete 
bridge decks is a relatively new technique first 
reported in 1977 (6) • The equipment consists of a 
monostatic antenna,- a control console containing a 
transmitter and receiver, and an oscilloscope. A 1-
nanosecond pulse of low-power, radio-frequency energy 
is directed into the bridge deck . A portion of th e 
energy is reflected from each interface between dif
ferent materials including the asphalt-concrete in
terface, the surface of reinforcinq bars. and air
filled or water-filled voids associated with defects 
such as delamination, scaling, and debonding. These 
echoes are received by the antenna and displayed on 
the oscilloscope. 

For the purposes of the investigation described 
here, the equipment was mounted on a cart pushed by 
hand along the deck. The waveforms were recorn~n at 
grid points using an instant camera . Figure Sa shows 
a typical radar signal for a sound po.rtion of the 
deck and f'igure Sb shows the signal for a section 
known to be delaminated. In areas where the concrete 
is deteriorated or the character of the interface 
changes, the amplitude and time of the echo also 
change. 

Using a simple visual assessment of the waveforms, 
51 percent of the grid points located over delamina
tions and the simulated scaling were identified . The 
areas of debonding were not identified and false 
indications of delamination at several gr id points 
were made . Despite these results , the radar was found 
to have considerable potential if the interpretation 
of the waveforms could be improved. The hand-operated 
cart was rather crude and it was apparent that the 
next step in the development of the radar system 
should be vehicle-mounted equipment in which the 
signal is recorded continuously on magnetic tape for 
off-line processing, using software specifically 
developed for the purpose . A useful feature of the 
radar is that it permits an accurate measurement of 
the thickness of the asphalt surfacing because of 
the well-defined echoes from the surface of the 
asphalt and from the asphalt-concrete interface. 
Except for the presence of moisture on the deck, the 
radar is independent of constraints by the weather. 

THE DART SYSTEM 

Following the completion of the research studies 
described earlier, development work concentrated on 
the construction of a prototype unit and automated 
data processing techniques. The prototype unit was 
to have the following operational characteristics: 
(a) be self contained, {b) produce real- time results, 
and (c) be simple to o.perate and offer safeguards to 
ensure that data are useable before the un it leaves 
the bridge. 

TABLE 1 Summary of Results of Procedures Evaluated on Asphalt-Covered Decks 

Test Procedure 

Chain drag 

Sonic reflection 
Ultrasonic transmission 
Microseismic refraction 
Resistivity 
Potential survey 
Radar 

Thermography 

Evaluation Summary 

Only a mall percentage of delaminutions identified, but no false results. Independent of weather and inexpensive. Useful screening 
de\•jce in conjunction with other procedures, 

Very low accuracy, 
Impractical. 
Identified anomalies but interpretation difficult. Procedure is very slow. 
Results did not correlate with nrca of deterioration. 
Useful indication of corrosion activity. Does not identify other forms of deterioration. Requires drilling through asphalt. 
Good correlation with known deterioration. Many false results but accuracy. could be improved by better methods of signal inter

pretation. Offers potential for rapid, noncontact procedure independent of weather. 
F.xc.e.llent correlation with areas of deterioration wilh HU fals~ results. Main disadvantage is dependence on weather. 
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(a ) 

ASPHALT CONCRETE INTERFACE 

SURFACE ECHO 
(b) 

APPROX 50 mm DOWN IN CONCRETE 

BOTTOM OF CONCRETE 

FIGURE 5 Typical radar waveforms: (a) radar output for sound 
concrete, and (h) radar output for delaminated concrete. 

Prototype unit 

The prototype unit was designed to incorporate both 
the radar eystem and the infrared system with their 
respective peripherals. The v·ehicle dedicated to the 
system was equipped as follows: 

1. A rail was attached to the front of the vehi
cle so that the radar antenna could be positioned 
150 mm over the deck anywhere .within the width of 
the vehicle. Note that the antenna is normally 
mounted 150 mm over the deck surface and can be 
mounted as high as 600 mm over the deck. The 150-mm 
position gives a 300-nun wide survey of the su.rface, 
combined with good penetration and resolution of the 
radar. The rail also allows for the future addition 
of antennas to scan additional areas of the deck at 
a single pass. 

2. A hydraulically lifted rack for mounting the 
infrared scanner approximately 5 m above the deck 
surface was added to the front of the vehicle. A 
standard video camera to view the real-life condition 
of the pavement surface can also be mounted on the 
rack. The rack also ensures the repeatability of the 
height and angle of view of the scanner and video 
camera. 

3. Vibration-controlled racks were mounted in 
the vehicle. Although the radar system and the in-
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frared scanner were designed for use in the field, 
the peripheral equipment and the computer were not. 
In order to protect the equipment, instrumentation 
racks were installed in the vehicle. A series of 
vtbration tests was carried out to evaluate the 
vibration character is tics of the vehicle. Isolation 
mounts were installed for each of the racks to mini
mize tbe vibrations being transferred to the equip
ment. 

4. Two air-conditioning units were added to the 
vehicle to help keep the environment stable and pre
vent the breakdown, as a result of excessive heat, 
of the electronic equipment. 

5. A fifth wheel was added to the vehicle. The 
fifth wheel gives accurate information on the speed 
and the distance traveled. An interface was built to 
produce distance pulses to the recording devices for 
both the radar and the infrared systems . 

6. A trailer was built to house a generator to 
supply electrical power to the instrumentation on 
board the vehicle. In addition to the generator, the 
tra i ler can also carry such equipment as safety signs 
and a core drill. 

Figure 6 shows the exterior of the vehicle with 
the radar antenna and the infrared scanner in posi
tion. A schematic representation of the infrared and 
radar components is shown in Figure 7. 

FIGURE 6 DART system with radar antenna and infrared camera 
mounted on the front of the vehicle. 

The radar signal passes from the control unit inside 
the vehicle through the transmitter/receiver mounted 
on the front of the vehicle, through the antenna, 
and into the bridge deck. The return echoes are 
received by the antenna and returned to the control 
unit inside the vehicle. The waveform is simul
taneously displayed on an oscilloscope and recorded 
on a seven-channel FM tape recorder. The operator 
can monitor the signal from the control unit and 
from the tape recorder, thus permitting a check of 
the quality of the signal before and after recording. 
As well as recording the i:aw waveform, the trigger 
pulse for the system, a gated version of the wave
form, and th.ree sets of distance information are 
recorded for analysis using a microcomputer. The 
radar itself is battery powered and has an operating 
time of approximately 6 hr on a charge. 

The output of the fifth-wheel distance device is 
put through an interface to produce three sets of 
distance pulses 1 the raw 214 counts per revolution, 



18 

r-----~-6 ·~:::~~::" 

Control 
Unit Radar 

Antenna 

High Video 

Gated Video 

Trigger 

sci lloscope 
Hi~Yi-
(loud Iii FM 

lrl Recorder 

Transportation Research Record 1083 

-, 
I 
I 
I 
I 
I 

10 cm 
m 

10 m 

Control 

ft!J!IT(ll 
CIWIEL 1 to 7 1...if--1--1-- Hivh llicloo 

i.-1-f- G.lt*<I YldtO 

L-,-----x - v 
Plotter 

I 
H1cro-

Computer 

L------1 - - - - - - ...... -_ _.._ _ __, 
I 
I 
I 
I 
I 

l.R. 
scanner 

Honitor
Control 

scan 
con verter 

High 
Resolution 

Hon it or 

VIDEO OOTPlll 

OlST'91CE PIA.SE MPllT 

I 
I 
I Thermography 
I 
I 

I High v !Cleo I 
Res. Monitor 

I 
L_ 

v 1e1eo I 
Recore1er ..... ---------.--TO_A_u_o_1_o_c_H_AN_N_E_L_l__, 

214 COUNTS PER REVOLUTION 
OR APPROX. 1 COUNT PER CH 

F1GURE 7 Schematic representation of the DART system. 

a pulse every meter, and a puls v ry 10 m. Each of 
these is used in the processing of the radar data 
for various program options. 

Initially, the radar system is mounted with the 
antenna positioned within 1 m of the curb or the 
right-hand edge of the lane. A second pass is made 
with the antenna positioned between the wheel tracks, 
and a third pass is made with the antenna positioned 
adjacent to the left-hand edge of the lane . The 
maximum speed for the collection of data is 5 km/hr. 

The monitoring checks built into the system allow 
the operator to verify the data collected before 
leaving the bridge. Should the operator observe 
problems with the data or observe significant de
terioration in the bridge deck, a pass can be re
peated or additional passes c<in be made over the 
deck. 

Infrared System 

The infrared system used on the DART prototype senses 
in the 3. 5- to 5. 6-µm range using an indium an to-

monide (InSb) detector . It has a sensiti vity of ap
proximately O.l°C, Using a 20 degree lens, the system 
is capable of scanning an entire traffic lane width 
in a single pass. The scanner is connected through 
the scanner control unit to a proprietary interface 
unit to convert the scanner signal to a standard 
North American Television Standard Color (NTSC) video 
signal. The output of the interface is then fed to a 
high resolution videotape recorder. 

The operator monitors the raw infrared image on 
the scanner control unit, on a monitor from the in
terface output, and from the output side of the video 
recorder. This enables the operator to ensure that 
the quality of the data collected is adequate and 
that the scanner is functioning properly . 

The outpu t of the fifth wheel is recorded on one 
of the audio channels on the video recorder. This 
enables the microcomputer to process the data and 
identify the longitudinal position on the deck. Data 
can be collected at speeds up to 6 km/hr, which is 
compatlble with the maximum speed for collection of 
the radar data. 
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A standard color video camera mounted on the rack 
below the infrared scanner is used to record the 
visual defects in the deck surface. This information 
is recorded on a separate video recorder, along with 
the distance pulses, so that surface defects also 
visible to the infrared scanner can be interpreted 
properly during the analysis of the data. 

Data Analysis Using Compute.r Processing 

As noted, one of the main objectives of the DART 
system was to have the ability to produce an accurate 
and rapid evaluation of the deck condition. During 
the development phases of the work, it was apparent 
that the use of a computer would enable the operator 
to make rapid judgments as to the condition of the 
deck. In addition, it was apparent that the massive 
amounts of data produced by the radar system would 
require the use of computer processing to produce 
timely and accurate results. Two research contracts 
with McMaster llniversity in Hamilton, Ontario, re
sulted in the development of software that processes 
the radar waveforms automatically (2_). The program 
retrieves the following data from the radar wave
forms: (a) location of aelaminations, (b) location 
of debonded areas, (c) location of scaled areas, and 
(d) thickness of the asphalt overlays. Each of these 
is presented in the computer printout in the form of 
a deck plan with the type and extent of the deterio
ration a.long each gr id line. The thickness measure
ments are tabulated and also averaged for each grid 
line, and an average for the entire deck is given. 

The initial programs were written for use on a 
mainframe computer. Although this satisfied the goal 
of computer processing, there was a need for inex
pensive data processing and real-time processing in 
the field. The second of the McMas ter con tr acts in
volved the use of a mici:ocomputer and investigated 
the effects of parameters not included in the first 
study. For this purpose, a microcomputer was equipped 
with a lo-mega.byte hard disk, 640-K RAM, a single 
fl0ppy disk drive, and a high-speed analog-to-digital 
intei:face. The original software was reconfigured to 
run on the microcomputer and the processing improved 
to the point that, with the computer on board the 
vehicle, some real-time processing was achieved. 

Software has also been developed to utilize the 
microcomputer to analyze the infrared image. First, 
the videotape is digitized and then sampled so that 
the oblique angle to view and other distortions of 
the image are eliminated. Defects are identified 
through a combination of operator and machine inter
pretation. The software produces a scaled image of 
the deck showing the .areas of delamination a.nd scal
ing . Debonding can only be predicted with certainty 
if it cove·i:s large areas of the deck. If the debonded 
areas are small in area, then their infrared signa
ture is very similar to that of delaminations. 

The DART system represents a significant invest
ment. The va.lue of the major items is summarized 
next; however, because of duties, fluctuations in 
exchange rates, and volatility in the price of elec
tronic components, the following costs (in 1985 u.s. 
dollars) should be regarded as appi:oximate: radar 
$40,000, thermal scanner and converter $40,000, 
microcomputer and peripherals $16,000 (including 
extra circuit boards), FM r:ecoi:der $10,000, in
dustrial VCR $4,000, fifth wheel $5,000, oscilloscope 
$1,400, and generator $1,300. Adding the cost of the 
vehicle, trailer, external and interior racks, and 
numerous s·maller items such as cables, filters, and 
interface devices would make the replacement cost of 
the fully equipped DART vehicle approximately u.s. 
$135,000. It should be noted that the Ontario Minis
try of Transportation and Cornmunications did not 
purchase the thermal scannei: and converter, but 

19 

rented the equipment during the summer months foi: 
(Canadian) $2,400 per month. In addition, the cost 
of developing the software was (Canadian) $62,000 
foi: the radar, and (Canadian) $20,000 for pi:ocessing 
the thermal images. 

Surnmary 

The DART system combines the use of radar and in
fi:ared thermogi:aphy to take advantage of the com
plementary nature of the two technologies. It also 
provides a useful check on the validity of the data 
from two diffei:ent techniques. 

The advantages of the radar system are that it is 
virtually independent of weather conditions, is well 
suited to use on asphalt-covered decks, and can 
identify some defects undetectable by infi:ared ther
mography. It is less well suited to use on exposed 
concrete decks because of interference between the 
waveform reflected from the deck surface and any 
delamination just below the surface. This is not a 
problem on most asphalt-covered decks in Ontario 
because the standard asphalt thickness is BO mm. The 
major disadvantage of i:adar is that it only produces 
data along the gr id lines traversed by the antenna 
and, unless several passes are made, areas of 
deterioration can be missed. Conversely, thermography 
can be used wherever diffei:ences in surface tempei:a
tu.re exist to produce information on the entire deck 
surface and not just along grid lines. Its major 
disadvantage is dependence on the weather, especially 
for asphalt-covei:ed decks. Clearly, the two systems 
complement each other extremely well. 

FUTURE RESEARCH 

The next stage in the development of this system is 
to operate the prototype unit under field conditions 
in 1986 to assess its accuracy and reliability. Ini
tially, it will be used to investigate a large number 
of bridge decks in order to assess priori ties for 
rehabilitation. The unit may be particularly well 
suited to this app.lication because only limited ac
curacy of the da.ta is required. As experience is 
gained in the use of the equipment, it is exi;>ected 
that a number o·f the activities now included in de
tailed condition surveys can be eliminated. The po
tential exists to carry out detailed surveys using 
the DART system supplemented by a small amount of 
physical testing and sampling. This is expected to 
lead to improvements in the accuracy of the data, 
reduction in survey costs, and less disruption to 
traffic. 

Other studies will be undertaken to identify other 
appLications for the DART system such as the condi
tion of joints in pavements, voids under bridge ap
proach slabs, and the moisture content and degree of 
conso.lidation in subgrade materials. 
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Considerations for Administering 

Underwater Contracts 

DANIEL D. McGEEHAN 

ABSTRACT 

The objective of this study was to identify the considerations for administer
ing an underwater inspection program to be conducted by contractors. Issues in
clude i denti f y i ng and assigning a priority to structures for periodic inspec
tion, es t abl ishi ng inspection procedures, selecting a contractor, formatting 
the contract, and estimating contract costs. 

National bridge inspection standards require that 
all bridges located on public roads be inspected at 
least once every 2 years. The inspections are to be 
conducted in accordance with the AASHTO standards 
stated in the Manual for Maintenance Inspection of 
Bridges <l>· In general, highway and transportation 
departments nationwide comply with these standards; 
however, many states do not have a program for rou
tine l y conducting underwater inspe.ctions (2). The 
Virg in ia Depa r t men t of Highways and Tr ansp0rtation 
is at tempt ing t o s t r engthen its underwa t er i nspec
tion progr am t hrough t he effic i en t use Of con
tractors. 

The objective of the research reported here was 
to identify those aspects of underwater inspections 
that are necessary for an efficiently administered 
underwater inspection program, and can be specifi
cally stated in a contract. 

Meetings and interviews were conducted with per
sonnel responsible for bridge inspections in the 

Virginia Highway Transportation Research Council, Box 
3817, University Station, Charlottesville, Va. 22903. 

Virginia Department of Highways and Transportation, 
other states and federal agenc ies, and with contrac
tors. The issues identified for consideration in ad
minis tering con t racts for underwater inspections are 
discussed here i n a general manner , and it is antic
ipa t ed t ha t t hey will be modified, spec ifically by 
tr a ffic engineer s , structural engineers, economists, 
and those experienced in bridge inspections. 

IDENTIFYING AND ASSIGNING A PRIORITY TO STRUCTURES 
FOR UNDERWATER INSPECTIONS 

Based on information available on their maps, many 
states appea r to have responsibil i t y fo r more bridges 
with s ubstructures underwater than c an be inspected 
in a s hort time; theref or e a sys tem o f ass igning 
pr ior i ties to up<jrade inspec tion prog rams to inc lude 
structures underwater is needed. The sys tem would 
not be used to decide what bridges would be in
spected, but to determine the order in which all 
bridges would be i nspected during a given time pe
r i od . Some of the va r iable s that appP.ar to be es~an
tial to such a system are discussed. 
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Risk Assessment 

The importance of risk assessment stems from the 
need to provide safety foe the users of the struc
tures. Although the safety of all structures is im
portant, those that would pose the greatest r isk to 
the publ ic in the event of failure must be d ist in
guished from those that present less risk. Probable 
risk to the public is evaluated from traffic volume. 
Assuming the worst case, such as bridge failure, the 
greater injury probably would be sustained by the 
users of bridges with high volumes of traffic. There
fore, if traffic volumes were the only element to be 
considered, these bridges are of more concern than 
those with low volumes. 

Structural Data 

Although little historical information exists for 
accuracy, inspection pr i ority is assigned by consid
ering the types and conditions of structural ele
ments. The elements considered ace construction 
materials, quality of construction, foundation type, 
structure age (or remaining life), and moveable ver
s us stationary spans discussed next. 

Construction Materials 

Depending on the type of water in which the sub
structure rests, the priority of inspection is af
fected by the type of materials involved (concrete, 
wood, or steel) . For example, wooden structures in 
salt water are vulnerable to borer attack, concrete 
is susceptible to leaching of chemicals in the soil 
at the mud line (such as high sulfur), and steel 
would be subject to oxidation. 

Quality of Construction 

Engineering judgment is essential in rating the 
quality of construction. If this cannot be deter
mined from data recorded when the structure was 
built, information from inspections of the super
structure can be used. 

Foundation Type 

Pilings constructed on rock foundations are not as 
adversely affected by scour as are friction piles. 
Friction piles would be weighted higher in the pri
ority ranking than bearing piles, especially when 
scour is likely. 

Structure Age 

A life expectancy of 50 years has been arbitrarily 
assigned to bridge structures; thus, older struc
tures should receive a higher priority. 

Movable versus Stationary Spans 

The added risk of damage by boat and ship traffic 
under movable spans indicates a need to assign them 
a higher priority than stationary spans. An added 
risk is the turbulence from propellers of large ves
sels, which may cause "necking," a form of deter io
ration in sections of a pier. 

Environmental Factors 

The environment in which a bridge is located affects 
the demand for inspection. Weather, velocity of water 
flow, and water chemistry are variables that should 
be considered. 
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Over a period of time, cycles of freezing and 
thawing temperatures could result in significant 
damage to a substructure. Bridges in areas of the 
state where water commonly freezes in the winter 
should be assigned a higher priority than those in 
areas where temperatures rarely drop below freezing. 

A substructure is more adversely affected by a 
rapidly moving stream than by calm water. Problems 
are also more likely to occur in areas of frequent 
flooding. The substructure would be vulnerable to 
undercutting by high velocity flows, cracking from 
large debris moving rapidly in flood waters, and 
scour. 

Substructures are more adversely affected by salt 
water than by fresh water. Because the probability 
of spalling, corrosion from electrolysis, and so on, 
is greater in salt water, the structures there should 
be assigned a higher priority. 

Economic Considerations 

In addition to the safety of the traveling public, 
the protection of capital investments is a high pri
ority. The inspection of bridge substructures facil
itates preventive maintenance involving relatively 
inexpens ive rehab i litation procedures that include 
costs of replacing the structure, repair, and detour 
length, and costly reconstruction is avoided. Eco
nomic considerations include any losses incurred by 
the public resulting from a structure being out of 
service. 

When deferred maintenance necessitates replace
ment, structures with a high replacement cost obvi
ously would be assigned a higher priority for inspec
tions than structures with a lower replacement cost. 

The cost of repair is slightly different from re
placement cost. Considering only underwater opera
tions, the resources needed to repair or reconstruct 
a structure having a moderate replacement value could 
be more costly than those needed to repair a struc
ture with a higher replacement value. For example, 
repairs to a two-lane stationary span over very deep 
water would be extremely expensive because of the 
requirements for highly trained personnel and spe
cial equipment. In contrast, where the substructure 
of a bridge carrying a multilane highway is partly 
in shallow water, repairs may be less costly. Conse
quently, the former situation justifies more frequent 
inspections to detect minor distress and prevent the 
development of major problems. 

The length of the detour required is important in 
a case in which a bridge is out of service. If the 
bridge provides the only reasonable route of travel 
to a given location, then it would be weighted higher 
than if it were one of several in the area. 

Structural Evaluation 

The service and maintenance history of a structure 
is important in assessing the need for immediate 
inspection. In many cases there are no documented 
underwater inspection files for the structures, al
though information from inspections of the super
structures is available and can be used in determin
ing priorities. 

DEVELOPING INSPECTION PROCEDURES 

Levels of Inspection 

Levels of inspection are used by the u.s. Navy and 
most underwater contractors to generally define the 
work of an inspection. 
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• A Level I inspection is a basic inspection (a 
swim-by) and does not entail cleaning or detailed 
measurements. The objective is to gather data based 
on observations (visual, photographic, or video
taped). The Level I inspection should follow the as
built plans of the structure with the intention of 
detecting obvious major damage or deterioration due 
to overstress, corrosion, or extensive biological 
growth or attack. This level of inspection is in
tended to be part of an initial evaluation of the 
exterior surface of piers, pilings, footings, and so 
forth. 

• A Level II inspection obtains more information 
than is provided by the Level I and may involve 
cleaning and simple measurements using calipers, 
measuring scales, and probes or ice picks to esti
mate the depth of cracks or other damage. At times, 
more sophisticated measurements are required at 
Level II. For example, if simple measurements indi
cate a potential problem, a few detailed measurements 
may help to confirm this indication. 

• A Level III inspection is highly detailed. Non
destructive techniques (such as coring), material 
sampling, and in-place surface hardness testing may 
be required. Commonly, the Level III inspection will 
require cleaning preparatory to conducting tests, 
and obtaining photographic or video representations. 

Contractor Tasks 

The types of tasks to be performed by a contractor 
conducting an initial inspection and a follow-up in
spection are described. More detailed inspection 
procedures are given in the North Carolina Depart
ment of Transportation Underwater Inspection General 
Operations Procedures and Safe Practice Manual, com
piled by the Bridge Division of the North Carolina 
Department of Transportation (~) • 

Initial Inspection 

Initial inspections are usually slated for bridges 
or groups of bridges that have documentation of pre
vious inspections . A Level I inspection would be 
conducted to note any obvious defects such as exten
sive spalling or scour. (Follow-up inspections would 
be scheduled where necessary.) At this level of in
spection, a group of structures could -be quickly 
evaluated to establish baseline data. 

Three areas of the structure should be observed 
in a swim-by inspection : (a) the area around the 
mean water level to detect damage from cycles of 
freezing and thawing or from boat collisions; (b) 
the areas from the mean water level down to the mud 
line, at every 10-ft interval and around the cir
cumference of the pier; and (c) the area at the mud 
line. The data from a mud line inspection would in
clude condition of footing, extent of scour, the 
amount of debris collected around the pier, the con
dition of underground cables, and, if appropriate, 
soil samples from the mud line for chemical analysis . 

Follow-Up Inspections 

Follow-up inspections will be either Level I or 
Level II, depending on the results of any previous 
inspections. The purpose of a Level II inspection 
would be to gain detailed data. Usually, this in
volves light cleaning with steel brushes or scrapers 
and photographic or video documentation. The use of a 
computer program would facilitate the evaluation of 
structures and the scheduling of future inspections. 

When inspections indicate possibly serious dam-
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age, cleaning and testing may require use of a water 
blaster with water applied to the structure under 
pressures ranging from 6,000 to 15,000 psi. At 6,000 
psi, the jet would clean marine growth, and pres
sures near 15,000 psi would reveal loose or damaged 
material. Pressures above 15,000 psi could cause 
damage to strong concrete. It is important that the 
cont racting parties agree with and document pres
sures used. 

Color video is desirable for inspections when 
damage is suspected or when an initial inspection 
has indicated potential damage, or for documentation 
for rAfArAn~P- l'f'hp. 11RA n f t:ri! n _r ui~~".;.' '!.!!ab!~~ a!'? "e!"?

g ineer on the superstructure to observe conditions 
below the water. In many circumstances, a diver who 
becomes "task fixated" will see only what is directly 
in front and miss obvious details. With the aid of 
color video, an engineer on the surface can communi
cate with and guide a diver. The video film can be 
retained for analysis and documentation. 

Sampling 

Inspections are necessary to provide the data for 
making decisions that will protect the users of 
structures and an agency's capital investments. In
specting the entire portion of the structure under
water would provide the most reliable data; however, 
because of limited resources, total inspections are 
not always possible. The problem is to develop a 
valid sampling model for inspections of bridge sub
structures underwater. 

There is little literature from research on this 
subject and no valid sampling formula is available. 
The main difficulty in developing this formula is 
that of determining the required size of the sample 
population. In addition to the variables that relate 
to the structure, such as age, material, and con
struction quality, environmental factors that affect 
the structure must be considered. To determine that 
all the piers in a given structure are homogeneous 
enough to constitute a population, at least addi
tional variables of scour, damage from collisions, 
and freeze-thaw damage must be considered. 

The results of a literature search indicate that 
there is not enough information available to validly 
state that all piers in a given group are affected 
in a predictable manner. It is improbable that a 
population could be defined based on available data. 

If sampling is unavoidable, the worst case ap
proach is suggested based on the response to this 
question, for example: What number of elements in a 
given structure could be eliminated without the 
probability of the structure failing? Next, the re
ma i ning elements should be inspected. 

USE OF A CONTRACTOR 

Selecting a Contractor 

The regulations governing the use of contractors are 
spelled out in the Virginia Department of Highways 
and Transportation's DPM 6.8 Ci>· Usually, all con
tracts more than $10,000 must be awarded by competi
tive sealed bids or by competitive negotiations. 
Contracts of an emergency nature and single-term 
contracts of less than $10, 000 are exceptions. The 
important factor in issuing contracts is to ensure 
that those bidding are qualified to perform the task. 

Competitive negotiations appear to be more advan
tageous than sealed bids for underwater work. Many 
times, the tasks to be performed can be specifically 
stated; however, the options available to perform 
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these tasks are not always clear to the contracting 
agency. In negotiati ng a proposed contr ac t , the 
gu i dance of a pot ential contractor may i ncrease the 
quality of the i nspec t i on and benefit all par ties . 

The qualification of an underwater contractor ill 
especially important because the work per for med is 
out of sight. Several f ac t ors should be cons i dered 
when attempting to prequalify potential contractors. 
The following factors are discussed based on infor
mation received from the Naval Facilities Engineer
ing Command l ocated at the Navy Yard in Washington, 
o.c., and sever al underwa t er contracting companies. 

Contractor Experience 

A contractor experienced in underwater inspections 
is able to assess existing structural damage and ac
curately predict pot ential damage from data obtained, 
This is especially i mpor tant on Level I inspec t ions , 
because the diver is the only one t o obser ve t he 
structure, The diver's ability to describe his ob
servations to a large degree determines whether the 
engineer in charge of the inspection declares the 
structure sound or calls for a Level II inspection. 
Contractors whose primary activity is underwater in
spections should be distinguished from those that 
engage only in underwater construction or salvage. 
The latter should not be eliminated, but should not 
be accepted solely on the basis of having performed 
underwater work. 

Contracting firms that routinely conduct bridge 
inspections employ structural engineers and drafts
men, but subcontract to a diving firm for underwater 
inspecti ons . Because mos t hi ghway and transpor t a tion 
agenc i es have hi ghl y qual i f ied structural engineers, 
for e ffi c i ency, t hey should work di rectly with the 
firms that perform the underwater operations. 

Personnel Qualifications 

In most cases, for their own benefit, contractors 
engage di vers who t hey believe to be competent. The 
mos t i mportan t cons ideration is the diver's experi
ence: the number of divers made, number of hours 
spent under water, type of training, type of work 
performed, and recency of work. 

Available Equipment 

The equipment to be used by the contractor should be 
stated and the availability of that equipment should 
be verified before the issuance of a contract. At
tention to these details ensures that the contractor 
and his employees have experience with the equipment 
and that work will not be delayed because the equip
ment cannot be obtained. 

Es tabl ishing the Content of Contracts 

From the information gained in the research reported. 
here, the following outline of considerations to be 
contained in an inspection contract has been devel
oped. Although highway and transportation agencies 
have a s tandard contr act form, these considerations 
can be incorporated with little modification. 

General Requirements 

The general requirements state the objectives of the 
project. For example, the requirement might be to 
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establish the general condition of all bridge sub
structures from 2 ft above the water line to the mud 
line, or to inspect a given location for possible 
damage resulting from boat or ship collisions. Re
quirements may also specify the capabilities the 
contractor must possess to perform underwater in
spections, assess damage and deter !oration, recom
mend repair techniques, and estimate repair coats. 
In addition, the estimated maximum length of time 
for completion of the project may be stated. 

Administrative Procedures 

The usual information such as channels of communica
tion, information-reporting schedule, and submittal 
of vouchers is usually contained in this section of 
a contract. Especially with underwater contracts, 
task-oriented conferences between contractors and 
engineers-in-charge are important. The objective and 
frequency of these conferences should be stated. 

Although the contracting agency should not spec
ify how diving operations will be carried out, it 
should make a general statement about expected aafe
d iving practices. For example, it could atate that a 
thorough check of underwater conditions, as well as 
other conditions pertaining to the proposed work, 
will be made before all diving operations, and that 
all diving operations will be conducted in accor
dance with the best commercial safety standards, 

General Criteria 

This section contains a brief statement that the 
contractor is responsible for the quality of submit
tals, including editing, accuracy of figures, and 
reproduction. 

Study and Analysis 

The level of inspection required usually is not ex
plicitly stated but is worded in the form of a guide
line. The study and analysis section should include 
the extent to which the data gathered will be ana
lyzed. In almost all underwater inspections, an anal
ysis must be made by the contractor because in the 
initial swim-by divers must decide what is signifi
cant and what is not. However, repair and cost anal
yses may not be desired, and this should be stated. 

Specifications for on-site reporting should be 
stated. Some type of daily log should be maintained. 
Information such as the locations of all observations 
showing elevations along each pier or pile, water 
depth referencing mean low water level, and the po
sition of the pier or pile on the bridge should be 
recorded. 

Report Format 

The contents and the format of the inspection report 
are important because the report contains the data 
to be used in future studies and in scheduling 
follow-up inspections. 

Estimating Costs of Contracts 

The calculation of a reasonable estimate of the cost 
for inspecting a given facility is difficult because 
of the variables unique to each structure. However, 
based on cost estimates contained in contracts 
awarded by the Naval Facilities Engineering Command 
and discussions with railway agencies and contrac-
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tors, a daily average manpower rate of about $500 a 
day can be estimated for one dive team. Variables 
associated with the size and location of the struc
ture will obviously affect this average. 

Cost i terns that routinely vary from structure to 
structure are those for overhead, travel or per diem, 
equipment rental, and transportation '. unexpected 
variables, such as the need for emergency services 
and poor weather conditions, may generate additional 
costs. The extent to which the contracting agency 
provides bidders with accurate information, such as 
that on water depth, will determine the accuracy of 
P.~tim~~~~ i~~!~~e~ i~ t~e bide. 
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The Pennsylvania Bridge Maintenance 

Management System 

RONALD C. ARNER, JOHN M. KRUEGLER, 

RICHARD M. McCLURE, and KANTILAL R. PATEL 

ABSTRACT 

A Bridge Management Work Group has been organized to develop, as well as to 
test and implement the concepts and requirements of a total bridge management 
system (BMS) for Pennsylvania, using highway planning and research (HPR) fund
ing. An electronic data processing (EDP) contractor will develop the software 
using other sources of funding. The system is scheduled to be fully operational 
by April 30, 1987. The objectives of the bridge maintenance management portion 
of BMS are to (a) utilize standardized bridge maintenance activities and costs, 
(b) store activity needs on a bridge-by-bridge basis, (c) rank activities and 
assign a priority to bridges for maintenance programming, (d) transfer pro
grammed projects to the maintenance division's programming and scheduling sys
tem, and (e) store cost of completed work. The work group has the responsibility 
for development of a comprehensive system that (a) integrates and utilizes data 
from the existing structure inventory records system (SIRS) and other data 
bases, (b) enhances and expands the SIRS data base, (c) systematically evaluates 
the deficiencies and associated costs, (d) records maintenance and construction
cost history, (e) stores physical attributes of each bridge for the semiauto
matic structural analysis to determine load rating, and (f) yields a spectrum of 
information designed to enable cost-effective management of the bridge system. 

A seven-member Bridge Management Task Group was 
convened by Pennsylvania Secretary of Transportation 
Thomas D. Larson in 1983-1984 to consider the devel
opment of a bridge management system (BMS) for the 
Commonwealth of Pennsylvania. In its report, the 
group unamimously agreed that the development of 
such a system was feasible and a very important and 
urgently needed tool for better management and engi
neering of the state's large and antiquated system 
of bridges (1) • 

Highway planning and research (HPR) funding was 
secured for a work group of nine to develop the con
cepts, technical requirements, pilot test, and guide 
statewide implementation of a total BMS under Re
search Project 84-28. This funding covered a 12-month 
period from August 1, 1984 to July 31, 1985. The 
work group consists of five Pennsylvania Department 
of Transportation (PennDOT) employees and four con
sultants. Richard M. McClure, chairman, Pennsylvania 
State University; David A. vanHorn, vice-chairman, 
visiting scientist from Lehigh University; John M. 
Kruegler, consultant, formerly with FHWA; Oliver J. 
Weber, consultant, formerly with Bethlehem Steel; 
Ronald c. Arner, District 3-0 bridge engineer; 
Hasmukh M. Lathia and Jeffrey J. Mesaric, Fiscal and 
Systems Management Center; Kantilal R. Patel, Bureau 
of Bridge and Roadway Technology; and Jonathan D. 
Oravec, Center for Program Development and Manage
ment. Heinz P. Koretzky, chief, Bridge Management 
Systems Division, Bureau of Bridge and Roadway Tech
nology, served as the project coordinator/manager. 

The work group prepared a report that formed the 

R.C. Arner and K.R. Patel, Penni;;ylvania Department 
of Tr anspor tat ion, 715 Jordan Ave. , Montoursville, 
Pa. 17754; J.M. Kruegler and R.M. McClure, Pennsyl
vania State University, University Park, Pa. 16802. 

basis for a request for proposal to develop software 
for BMS (~). The electronic data processing (EDP) 
contractor is to provide the development, testing, 
implementation, and training on the use of EDP soft
ware. Software development by the EDP contractor is 
being performed using other sources of funding. 

The formulation of a bridge maintenance management 
subsystem and its integration with PennDOT's mainte
nance operations and resources information system 
(MORIS) is an important component of the overall BMS 
development effort. 

HPR funding has been approved for the work group 
to continue development of BMS under Research Project 
84-28A. This funding will cover a 21-month period 
from August 1, 1985 to April 30, 1987. The complete 
development of BMS, including all software and im
plementation is scheduled for completion during this 
period. At the end of this time, BMS will be opera
tional statewide. 

CURRENT SYSTEM 

In the past, bridge maintenance has been generally 
treated as an incidental component of highway work 
similar to storm sewers, guide rail, and other ap
purtenances. Although the needs for repairing and 
preventively maintaining a roadway and associated 
features are apparent, bridge maintenance needs are 
more elusive. Potential problems must frequently be 
sought out by a trained inspector. When found, the 
repair treatment or, for that matter, its urgency or 
effect on the structural safety of the bridge, is 
often not obvious to the highway maintenance manager. 
Therefore, it is understandable that highway mainte
nance management systems use obvious and generalized 
broad activities to describe bridge work. Bridge 
maintenance activities included in Pennsylvania's 
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current highway maintenance management system (HMMS) 
include the following: 

• General maintenance: deck repair, structure 
<repair), preventive maintenance (cleaning), preven
tive maintenance (joint sealing), and preventive 
maintenance (spot painting) , 

• Better.ments and contract maintenance: bridge 
painting, deck rehabilitation, structural rehabili
tation, deck repair, and structure repair. 

Although these activities detail the extent of bridge 
maintenance definition in PennDOT'a current mainte
nance management system, many more activities are 
available that more definitively describe roadway 
work. 

It ie a common perception that the maintenance 
repair and betterment budget is heavily weighted 
toward providing a roadway surface that satisfies 
the public's expectations for riding quality, skid 
resistance, and year-round utility. Bridge repairs 
generally result in the expenditure of relatively 
large sums of money in a small concentrated area, 
Frequently, the traveling public can detect no eig
~!ficant ch:n;: in ::pp~.:r:n::Q batw~sn tha or i;!nal 
and the repaired facility. 

The lack of sufficient data to be able to per
ceive, quantify, and assign a priority to the main
tenance and betterment needs of the overall highway 
system has in large part resulted in the allocation 
of funds to those areas where the needs are moat 
visible, Thie, coupled with past revenue crunches 
related to the fuel crisis and recessionary periods, 
has resulted in a large backlog of bridge maintenance 
and betterment needs. It has also resulted in an 
ever-increasing magnitude of need on each bridge, In 
many cases, degradation of the bridge advances to 
the point that extensive rehabilitation or replace
ment becomes necessary by the time construction 
funding is available. 

THE PENNSYLVANIA BRIDGE PROBLEM 

Pennsylvania has 100 percent of the bridges on the 
state highway system and about 95 percent of the 
local (nonstate) highway system that are 20 ft or 
greater in length on the structure inventory record 
system (SIRS). Also, 100 percent of the 8- to less 
than 20-ft long bridges on the state system have 
been inventoried and recorded. However, few of these 
8- to 20-ft span bridges on the local (nonstate) 
system have been inventoried primarily because there 
is no federal requirement to do so. There are ap
proximately 52,000 highway bridges in Pennsylvania 
that are 8 ft or greater in length. 

As of November 1985, SIRS has identified more 
than 7,000 bridges 20 ft or more in length as having 
federal sufficiency ratings less than 80 and being 
categorized as structurally deficient or functionally 
obsolete (3), A structurally deficient bridge is 
defined as -one that has identified structural weak
nesses or inadequate waterway. A functionally obso
lete bridge is a bridge that has inadequate deck 
geometry (usually too narrow), is improperly aligned 
with the roadway, has insufficient vertical clear
ance, or has inadequate load-carrying capacity to 
serve today's traffic needs. Those bridges with span 
lengths 20 ft and greater, and a sufficiency rating 
less than 80, are generally eligible for federal 
rehabilitation funds. Those with a sufficiency rating 
less than 50 are generally eligible for federal re
placement funds. 

A summary of the bridge situation in Pennsylvania 
is given in Table l. The actual number of bridges 
>20-ft long eligible for replacement or rehabili-
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TABLE 1 Pennsylvania Bridges and Needs 

Number of Bridges 

Length, 
ft 2 >20 ft 

State system 15,100" 
Local and other systems 6,700" 
Eligible for replacement 4,250 13,900,000 
Eligible for rehabilitation 3,100 13,700,000 

Source: PennDOT's SIRS fllea, November 2, 1985. 
8 To1ol 109,900,000 rt2, 
bSuto syu om. 

Lenith, 8 
ft 2 to <2 ft 

9,500 2,360,000 
Unknown 

s2ob 262,000 
1,450 409,000 

tation exceeds that shown because the inventory for 
the local system is still in progress. 

PENNSYLVANIA DEPARTMENT OF TRANSPORTATION 
ORGANIZATION 

PennDOT has decentralized and streamlined its opera
tions. It was reasoned that because the 11 engineer
ing die tr icts are most aware of the needs within 
their geographic areas, they are in the beet position 
to most directly, efficiently, and responsibly serve 
the public. The districts are authorized to do so, 
with the Central Office Bureau of Maintenance ad-. 
ministering top-level managerial control and provid
ing policy and procedures, and quality assurance 
checks for the department. 

The commonwealth's 67 counties are divided among 
the 11 engineering districts. In each district, the 
district bridge engineer is the focal point for all 
bridge activities. This includes responsibility for 
the ongoing biannual inspection program on all de
partment bridges 8 ft or more in length. Some of 
these bridges are on former state routes that have 
been turned back to the municipal! ties. Because of 
the large and long-term financial responsibility of 
a bridge and very 1 imited budgets, most municipal
! ties have not been willing to accept bridge owner
ship. 

A bridge maintenance coordinator working for 
either the district bridge or district maintenance 
engineer is responsible for bridge maintenance 
activities within each district. The coordinator 
assists in the development of the annual PennOOT 
force and contract bridge maintenance programs. In 
addition, he prepares repair sketches and provides 
technical guidance and quality assurance reviews of 
the department force work. He is the focal point for 
communications between PennDOT's District Office and 
county maintenance offices on bridge maintenance 
matters. Refer to Figure 1 for a flow diagram of 
bridge maintenance and minor improvement activities, 

EXISTING STRUCTURE INVENTORY RECORDS SYSTEM 

PennOOT's current computerized SIRS is an on-line 
system that has been in use since 1982, Each bridge 
file has space for recording more than 200 data items 
including those mandated by FHWA (!,,~). 

Limited capability exists for defining the main
tenance needs of a bridge in the current SIRS. The 
data are totally inadequate for either costing ' or 
programming purposes. The second and third digits of 
Data Item 182 are available to generally define the 
type of maintenance work that is needed. Coding is 
as follows: 

• Second digit: Safety improvement, approach 
improvement, deck improvement, and various combina
tions of above. 
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BRIDGE INSPECTION REPORTS 
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PHOTO & DOCUMENT 

F CT 
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PHOTO & DOCUMENT 

COST CW ORK ORDER • J 
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INSPECTION F'llES 

A.D.E. MA I NT. FOR 
CORRECTIVE ACTION 

FIGURE 1 Flowchart of bridge maintenance and minor improvements. 

• Third digit: Superstructure 
structure improvement, waterway 
various combinations of above. 

improvement, sub
improvement, and 

The priority or urgency of the repair work is 
coded under Data Item 183. The available coding is 
as follows: 

1. Emergency--within 6 months, 
2, Emergency--within 12 months, 
3. Priority--within 2 years, 
4. Routine structural--can be delayed until funds 

are available, and 
5. Routine nonstructural--can be delayed until 

programmed. 

Because of the inadequacies and severe limitations 
of SIRS, detailed repair needs inventories must now 
be maintained manually. Several of the districts 
have begun storing some of the data on a personal 
computer. Sorting through the manual listings to 
select work for implementation by eith·er a contJ:ac-tor 
or department forces is tedious and time consuming. 
Besides the inefficiency, there is the cha.nee that 
structurally important or other urgent repairs will 
be overlooked. 

AUTOMATED MANAGEMENT SYSTEMS 

The need to improve the managerial control of its 
extensive 45,000-mi and 25,000-bridge state highway 
system, has prompted PennOOT to accelerate develop
ment of numerous automated systems. These systems 
will improve work efficiency and enable the depart
ment's declining work force to do more and to make 
more .informed decisions. Electronic data processing 
development work is now underway on integrated but 
separate roadway and bridge management systems. Both 
systems are scheduled to be operational by late 1986. 
Figures 2, and 3 show the overall roadway and bridge 
management systems, respectively. 

A maintenance management system is al.so being 
developed. It will integrate and enhance the existing 
maintenance planning, equipment, materials and per
sonnel systems. The resulting system will be MORIS, 
the maintenance operations and resources information 
system mentioned earlier. More detail.ed discussion 
will follow. 

BRIDGE MANAGEMENT SYSTEM 

The BMS that is now under development will expand 
the existing SIRS data base, provide a data base for 
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FIGURE 2 Diagram of the roadway management system. 

INTEGRATION 
WI TH OTHER 
DEPARTMENT 

SYSTEMS 

1 
STRUCTURE ENHANCED STRUCTURAL 
COST DATA S I R S DETAILS - DATA - DATA INVENTORY 

FILE BASE BASE 

t t I 
BRIDGE BRIDGE 

REPLACEMENT BRIDGE 
& MAINTENANCE LOAD 

REHABILITATION SYSTEM CAPAC I TY 
SYSTEM !PRESENT &. RATING 

!PRESENT & FUTURE NEEOSI SYSTEM 
FUTURE NEEDSI 

FIGURE 3 Diagram of the bridge management system. 

storing structure cost data and automate the estima
tion of .maintenance and rebabilitation or replacement 
needs based on a generalized scope of work definition 
by the user . Prioritization models are being devel
oped to assist management in selecting and ranking 
bridges for maintenance as well as for major im
provement. 

Integration of BMS with other department systems 
will enable any data that are common to more than 
o ne system to be updated automatically after they 
are changed in the source system. The project and 
contract manag.ement systems and MORIS will keep BMS 
updated on the status of planned improvements . This 
will e nable bridge and maintenance managers to co
ordinate their maintenance effoi:ts consistent with 
any planned major improvements to the bridge. 

BRIDGE MAINTENANCE MANAGEMENT 

In formulating the concepts of a BMS, it was readily 
apparent that the available SIRS data related to 
maintenance was very general and sketchy. For PennDOT 
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to be able to realistically assess i ts bridge main
tenance requirements on an individual or even on a 
broad basis, detailed needs must be determined a nd 
quantified for each bridge. 

A listing of potential br idge- relC<Lt:tl maintenance 
activities has been developed in consultation with 
the districts and the Central Office Bureau of Main
tenance . This listing of 9 approach- roadway and 67 
bridge-maintenance activities forms the base of the 
bridge maintenance portion of BMS. It is a compre
hensive tabulation of common types of repairs. 
Activity titles are specific and descriptive. They 
should give the IJcldge inspector and the maintenance 
foreman a descriptive indication of the deficiency 
and the work that is needed to repair or remove it. 

A maintenance needs form has been developed for 
the bridge inspector as a checkoff type of listing 
and as the reporting document . When a repairable 
deficiAnoy is found, the inspector will review the 
li.sting , select the proper activity , circle the gen
eral location, estimate a quantity, and assign an 
urgency factor. The coding for the urgency factor 
will be the same as that curi:ently used in SIRS . It 
will reflect the inspector ' s judgment as to how soon 
the ~intcn~nca activity should be completed (Figure 
4). 

It is anticipated that the bridge maintenance 
needs data will be collected as a pai:t of the bridge 
inspection process. Therefore , these data will be 
entered into BMS ' s on-line individual bridge files 
at the same time that the inspection data are up
dated, that is, promptly after the inspection is 
compleCed. Figure S shows the general format of the 
BMS on-line screen where this infoemation will be 
stored . Once i n the compute rized system, it can be 
extracted in any format that is required by bridge 
and maintenance management to satisfy their particu
lar planning, programming, or othe r needs. The system 
is also planned to automatically notify management 
of any activities that have been coded an O (for 
critical safety deficiency) for their further eval
uation and priority implementation. 

BRIDGE MAINTENANCE PRIORITIZATION 

The maintenance work backlog that exists far exceeds 
that which the PennOOT can physically and financially 
handle. Therefore, it is important that guidance be 
provided to the district and county offices to assist 
them in selecting the best candidate bridges for 
maintenance work as well as which activities to per
form first. This will help ensure that those defi
ciencies deemed to be the most critical to the safety 
of the bridge and hence to its users are brought to 
the attention of the districts' management 

A simple prioritization procedure has been devel
oped. It considers the effect of the most struc
turally critical maintenance activity need on the 
bridge, as well as the individual bridge's impact on 
the road system. The components of the procedure 
include activity ranking, activity urgency, bridge 
criticality, and bridge adequacy. 

Activity Ranking 

The bridge maintenance a ctiv ities themselves vary in 
their importance to and effect on the structural 
integrity of the bridge. Ac:tivities such as repairing 
stringers or repairing abutment underscour would 
generally be performed on a priority basis, and 
activities such as applying protective coatings and 
constructing abutment slopewalls would tend to be 
deferred. 

As a general rule, activities that most directly, 



BRIDGE INSPECTION REPORT STRUCTURE NO. 

STRUCTURE INVENTORY RECORD 
MAINTENANCE NEEDS INSPECTED BY1 -------

DATE: 

ITEM LOCATION UNIT 
""' 

PAVEMENT IPATCH/AA ISE> RDPAVMl N F S.Y. 

>- PAVEMENT RELIEF JT. tREP/REPU RDRLFJT N F S,Y, 
~ 
• SHOULDERS CREPAIR/RECONSTRI ROSHWR H F S.Y. 

~ DRAINAGE-OFF BRIDGE CIMPRDVE> RDDRAIN N F EA. 

x GUIDE RAIL-ICONNECT TO BRIDGEJ RDGDERI. N F EA. I LOAD LIMIT SIGNS <REPLACE> RDLDSGN N F EA. 
CLEARANCE SIGNS !REP\.ACEI ROCLSGN N F EA. 
CUT BRUSH T 0 CLEAR S I GNS RDBRUSH N F EA. 
APPROACH SLAB !REPLACE> A744201 N F S.Y. 

-
~ DECK AT4310 1 E.B. 

SCUPPERIOOWNSPOUTING B743 l 0 I 123450 E.B. 
' 
~ 

BEAR I NG/BEAR I NG SEAT C74310Z 125450 E.B. 

STEEL-HORIZONTAL SURFACES 0743102 123450 E.S. 
-

BITUM. OECI\ W. SURF IREP/REPU BITWRGS 123450 S.Y. 
i IMBER DECIC IREP/REPU B144301 123450 S.Y, 

!:$ OPEN ST EEL GR ID <REP /REPL> C744J02 125450 S.Y. 

!!l CONCRETE DECK IREPA IR> 0744303 123450 S.Y. 

CONCRETE SIDEWALK <REPAIR> £744303 123450 S.Y. 

CONCRETE CIJRB/PARAPET IREPAIR F144303 123'150 S.Y. 

RESEAL 474330 I Nl230F L.F. 
lh REPA Ill/RESEAL A744101 Nl230f L.F. 
! COi.PRESS I ON SEAL lREP/REHABl 8744102 Nl2JOF L.F. 
~ MOD UL AR DAM !REP /REHAB> C744102 Nl250F L.F. 
"" u STEEL DAMS <REP /REHAlll D744102 NIZJOF L.F, l!j 

OTHER TYPES !REP/REHAB> E744 102 Nl2JOF L.F. 

BR IOGE/PARAPE'T lREP/REPU F!LGBRPR N1230F L.F, 
~ STRUCT MOUNT CREP/REPU RLCSlRll Nl230F L.F. 
...J 
:C PEOES TR I AN !REP /REP!.> RLCPEON Nl230F L.F. 
a:: MEO I AN BARR I ER <REP /REPL> RLGMEOB 123450 L.F. 

!: SCUPPER GRATE !REPLACE> DRNGRAT 123450 EA. 

g DRAIN/SCUPPER !INSTALL> 8144401 123450 EA. 

~ 
DOWNSPOUT I NG ·<REP /REPll C744402 Nl230F EA. 

LUBRICATE A743SO I N 1230F EA. 

~ STEEL <REP/REHAB> A744SOI Nl230F EA. 

STEEL lREPl.ACEI 8H4501 NIZ30F EA. ; EXPANSION <RESEll 744502 Nl230F EA. 
PEDESTAt/SEAT <RECONSTRUCT> D744S03 NIZJOF EA. 

STRINGER CREP/REPLl AT44601 123450 EA. 

OTHER MEMBERS <REP /REPU B744601 123450 EA. 

STRINGER <REP/REPU A744i02 12,450 EA. 

~ FLOORBEAM lREP/AEPL> IH44602 IZ3460 EA. 
VI G IADER <REPAIR> v744602 123450 EA. 

D IAPH/LAT. BRACING <REP/AEPLl 0744602 123450 EA. 

5 
STRINGER IREP/REPLI AT44i03 123'150 EA. 

DIAPHRAGM <REPIREPLl 8744603 123450 EA. 
OTHER MElleERS <REP IREPLI v744603 123450 EA. 

.,.. MEMBER <STRENGTHEN/ftEP/REPLl AT4UOI 123450 EA. ! PORTAL CMOO I FY> 8744701 123450 EA. 

IENllER <TI GHTEN/FLAMESHORTENI IC744T02 IZ5'1SO EA. 

FIGURE 4 Maintenance needs reporting form. 

EST. P1I QUANTITY 
ITEll EST. 
NO. LOCATIDI' !..ill QUANTITY 

~ 
SUPERSTRUCTL'!E • SPOT AT43201 123460 E.B. 

... SUBSTRUCTURE - SPOT 8743201 Nl2JOF E.8. 
!!: SUPERSTRUCTURE - Fll.L c 

C"143201 123450 E.B. 
a.. SUBSTRUCTURE - f\A.L DT43ZOI Nl230F E.B. 

BACK II ALL IREP /REPL> A744801 N F C.Y. 

::! ~BUTMENlS <REPAIR) ... 8744802 N F C.Y. 

ffi WI NG <REP /REPU C744802 NLRFLR C.Y. 

a.. PIERS !REPAIR> D744802 123450 C.Y. 

' 
u FOOT I NG IUNDEAP IN> ET44803 NIZlOF C.Y. z 
• 
' ... MASONRY lREPO I NT> fl448().4 Nl230F c.v. 
~ ii ABUT. SLOPEWALL <REP/REPLl AT4510l NF S.Y. 

c ABUT.SLOPEWALL <CONSTRUCT 1£W~874SIOZ N F S.Y. 

PILE REPAIR A745901 Nl2JOF EA. 

g STREAMBED PAV ING (R~P/CONSlRl AT45301 UPUNON C.Y. 

z ROCK PROTECTION B14S301 UPUNDN C.Y. 
0 SCOUR HOLE <BACKFILL> C"145301 UPUNON C.Y. u 

~ STREAM DEFLECTOR lREPICONSTR 0745302 UPUNDN C.Y. 

~ VEGET ATION/DEBRIS <REMOVE> ECREMVC UPUNDN c.v. 
ffi OEPOS IT I ON !REMOVE> ECREMOP UPUNDN C.Y. 

~ HEADWALL/WINGS <REPIREPLI AT45201 IN OUT S.Y. 

S APRON/CUTOFF WALL IREP/REPU 8745202 IN OUT S,Y, 

v BARREL <REPAIR> CT45203 - S.Y. 

FOR COMPLETION BY REVIEW ENGINEER 

APPLY PROTECTIVE COATING 

DECK/PARAPETS/~IDEllALK 

SUBSTRUCTURE 

CONSTRUCT TEMPORARY 

SUPPORT BENT 

PIPES 

BRIDGE 

N • NEAR 
F • FAR 

LEGEND 

A74:S401 DPS S.Y. 

B143401 Nl230F S.Y. 

"745401 Nl230F EA. 

BT45401 LT l RT E.8. 

C14~01 LT l RT E.8. 

UP • UPSTREAM 
UN • UN>ER 

1,2 ,3,ETC. • SP AN Oii P I ER NUMBER 
0 = OTHER 

DN : DOWNSTREAM 
IN • INLET 

NLR = NEAR LEFT OR RIGHT 
FLR • FAR LEFT OR RIGHT 

OUT • OUTLET 
E.B. • EACH BRIDGE <SITE> 

PR - PRIORITY COOE 

0 - CRlllCAl. SAFETY DEFICIENCY,PROMPT ACTION REQUIRED 
<INSPECTOR TO HIGK. IGHT THE DEF ICIEICY> 

l - EMERGENCY, W 1 lH IN S - MONTHS 

2 - EMERGENCY, W llH IN 12 • MONTHS 

5 - PRIORITY, WITHIN 2 - YEARS 

4 - ROUTINE STRUCTUAAL, CAN l!E DELAYED UNTIL FUNDS 
ARE AVAILABLE 

~ - ROUTINE NON-S1'1UClUAAL,CAN BE PELAYED UNTIL 
PROGRAMMED 

PR 

I 

I 
I 
I 
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Structure I dentlfrcatlon 

L.LJl!l!l!ll!l!!lll MTCE.DEFICIENCY POINTS 

ACTIVITY EST. EST. ACTIVITY PROCRAM 
DESCRIPTION ITEM NO, UNIT QUANT. COST LOCATION ~GENCY D OR C FY 

NOTES1 
ESi, • EST I MATED 
EST.COST - AUTOMATED BY SYSTEM USING UNIT COST TABLE 
DOR C - D: WORK BY DEPT.FORCE,C •WORK BY CONTRACT 
FY - YEAR C1' PLANNED ACTIVITY 

FIGURE 5 Bridge maintenance activity needs screen. 

immediately, and positively affect the continued 
safety and structural adequacy of the bridge would 
be performed first, and those .that have minimal im
mediate impacts would tend to be performed later . 

The activities have been divided into groups based 
on their generalized rel ative importance to the cur
rent structural stability of the bridge (Table 2). 
Repair or replacement of steel stringers, floorbeams, 
gir'ders , or truss members coulc;l be related to exist
ing or potential fatigue damage. If the needs are 
indeed fatigue related, they are more important and 
should be given a higher ranking. This determination 
can be made by comparing these maintenance-activity 
needs with the type of fatigue-prone member that 
.controls the inventory load rating. SIRS Data Item 
178 prov i des space for recording the controlling 
member type as well as the related fatigue and load 
data. If the activity is fatigue related, it will be 
assigned as Group AF and given additional priority. 

Activity Urgency 

The severity of a deficiency can be a reason to in
crease its priority for repair. The ui::gency factor 
for each activity need is coded by the District 
Bridge Inspection Unit. It yields an informed, 
humanized assessment of how soon the work needs to 
be completed. As such, it is also a measure of the 
severity of the deficiency. 

The factoi:: is included in the current SIRS; how
ever , it relates only to the very generalized and 
bi::oad-based maintenance needs definition limitations 
of the existing system. ln SMS, the factor will 
judgmentally define the promptness of action that is 
needed for each specific maintenance activity need . 
The coding legend used is shown in Figure 4 . 

Bi::idge Criticality 

The importance of a bridge to the road network as 
well as the effect of the loss of bridge service on 

ti::affic is anothei:: factoi:: that must be considei::ed in 
deciding the order in which bridges are to be re
paired. That the road system hierarchy realistically 
defines impoi::tance is readily appai::ent. That is , if 
a bridge on the Interstate and a bridge on the local 
access system have similar deficiencies, it is ob
vious that the lntersta'te highway bridge would be 
repaired first. However, the impact of a br i!lge' s 
closure also needs to be weighed. If the detour 
length is excessive and hence intolerable, the 
prioi::ity for i::epair should be raised. 

The assessment of the importance of the bridge 
will be based on the classification of the highway, 
its average daily ti::affic (ADT), and the detour 
length that will be imposed on traffic if the bi::idge 
were to be closed. Multiplying the ADT times the 
detour length results in a partial i::elative measure 
of this importance. 

The factors to be · considered in evaluating the 
bi::idge's criticality then ai::e 

1. The kind of highway (e.g., Intei::state, U.S. 
numbered highway, state highway, county highway, 
city, borough street, and township road); 

2. The depai::tment road network indicator [e.g., 
priority commercial network (PCN), agri-access net
work, industr ia.l access (pi::oposed addHion)1; and 

3. ADT x detoui:: length. 

Bridge Adequacy 

The capability of the bridge to safely cai::ry the 
loads that traverse the route and to continue to do 
so, figure in a manager's decision of whether or not 
repairs should be implemented. The load capacity 
rating indicates the cui::rent strength of the bridge. 
It gives no indication of what can be expected in 
the futui::e. The condition rating of the mos critical 
component of the bi::idge can be used to generally 
assess degradation. Refer to the procedure for the 
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TABLE 2 Maintenance Activity Ranking 

ACTIVITY RANK 
-

I 
DECK [ 

SCUPl'ERIOOWNSl'Ol/TING [ 

SWING/BEARING SEAT E 
STEEL-llOlllZONTAL SIJ'f'ACES E 

81TUM. DECK If. SURf IREP/REPll c 
TIMBER DECK !REP/REPLI B 

1:S OPEN STEEL GRID IREP/REPLI B 
~ CONCRETE OECl IREPA IR> a 

CONCRETE SIDEWALK <REPAIR> c 
CONCRETE CURB/PARAPET G'IEPAIRl c 

RESEAL c 
~ Rt PA IR/RESEAL c 
! COMl'RE.SS I ON SEAL IREf' /REHAB> c 
~ MODI.UR DAM !REP/REHAB> c 

~ STEEL DA.MS lllEJ>/REHABI c: 
_OTHER TYPES <REP/REHAB> c 

BRIOOE/J>ARAP£l IREP/REPLI 8 
~ STRUCT NOIJNT IREP/REPU B 
:::! PEDESTRIAN IREP/REPL> B 
~ MEDIAN BARRIER IREP/REJ>LI c 

! SCUPPER CRATE !REPLACE> D 

! DRAIN/SCUPPER !INSTALL> D 
DOWN$POUTING IREP/REPl.1 D 

I!. 

LUBRICATE E 
11'1 STEEL IREP/REHAlll B 
~ STEEL IREPLACEI B ; EXPANSION !RESET> c 

PEDES 1 Al/SEAT IRECOHSTRUCTI A 

STR INCER IREP/REJ>LI 
OTHER MEMBERS !REP /REPL> B 

STRINCER IREP/REPLl A 

§ FLOORBEAM IREP/REPLI A 
11'1 C IRDER IREPAIRI A 

D IAPH/l.AT. llRAC I NG !REP /REPll D 

~ 
STR INGER IREP/R£PLI A 
DIAPHRAGM !REP /REPLI D Ii OTHER MEMBERS IREP/REPLI B 

11'1 MEMBER !STRENGTHEN/REP IREPLl A 

~ PORTAL !MODIFY> D 
llElllER IT I CllTEN/FLAMESHORlENl A 

automated estima tion of remaining life given in Table 
3. It is based on the s ununation of t he condition 
ra tings for t he deck super- a nd substructur es , If 
a ny o f the ratings are f o ur or less, t hey i ndividu
a l ly establish t he remai ning life (Table 4). 

By c onsidering bo t h t he c ur r ent load c apac i ty a nd 
the lowest conditio n i;ating o f t he str uc tu re's com
ponents , a measure o f t he inadequa cy of the b ridge 
can be obtained. 

DEFICIENCY POINT ASSIGNMENT 

Most of the data that will be needed to define the 
foregoing components of the prioritization procedure 

ACTIVITY 

~ 
SlftRSTRUCTIME • SPOT 

... SUBSTRUCTURE - SPOT 
! SUPERSTRUCTURE - FULL : SUBSTRUCTURE - FULL 

BACKWALL IREP/R£PL> 

~ ABUTl.IENl S IREPA IRI 

"' § W I NG !REP /REPLI 

0.. PIERS IREJ>A IRl 

' 
~ FOOTING !UNDERPIN> 

• 
I 

MASONRY lllEPO I NTl i ABUT. SLOPE WALL !REP /REPLI 
ABUT. SLOPEWALL !CONSTRUCT NEW> 

PILE REPAIR 

I STREANBEO PAV ING IREP/CONSTRI 

ROCK PROTECTION 
u SCOUR HOl.E CBACKF I LU 

~ STREAM DEFLECTOR IREP/CONSTRI 

~ 
VEGETAT ION/OEBRIS <REMOVE> 
DEPOSITION CREMOVEI 

~ HE ADWALL/WI NGS IREP/AEPLI 
~ APRON/CUTOFF WALL IR£P IRE.PL> 
u BARREL IREPAIRJ 

APPLY PROTECTIVE COATING I OECK/PARAPETS/SIDEIULK 
SUBSTRUCTURE 

CONSTRUCT TEMPORARY 

IOJPPORT BENT 
PIPES 
BRIDGE 

LEGEND 

A - HIGHEST PRIORITY 

E - LOWEST PRIORITY 
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RANK 
E 
E 

D 
0 

B 

B 

B 
8 

A 

c 

E 
E 

A 

c 
c 
c 
D 

D 
D 

B 

c 
B 

E 
E 

A 

B 

B 

are ' alr e ady in SIRS . The only new items are the 
maintenance activities themselves and t hei r individ
ually assigned urgency rankings. They are important 
c omponents o f the propos ed BMS. ' 

Bav i ng define d the major paramet ers that are to 
be conside"red , the relative weigh t s to be assigned 
to them and their elements must be established. To 
be consistent with the general philosophy of the 
rehabilitation or replacement prioritization system 
(6), a deficiency point concept (7) will also be used 
for the maintenance activity pr~ritization system. 
However , it i s r eadily appru:en t that the factor s and 
methodology used in eac h system are qui t e d ifferent . 
Al though it is numerically possibl e fo r a s ingle 
br idge to be assigned in excess of 100 defic iency 



32 

TABLE 3 Estin111tcd Remaining Life of Bridges 
with Condition Ratings Mor Thon 4 

Bridges 
Culverts 

Sum of Deck, 
Superstructure Est imated Culvert 
and Substructure Remaining Condition 
Condition Rat ings Life (yr) Rating 

27 
26 
25 
24 
21 
22 
21 
20 
19 
18 
17 
16 
1.5 
14 
13 
12 
II 

50 9 
46 8 
42 7 
38 6 
34 5 
30 4 
26 3 
23 2 
20 0,1 
17 
14 
12 
10 

8 
7 
6 
5 

TABLE 4 Estimated 
Remaining Life of 
Bridges with Condition 
Ratings Less Than 4 

Condition 
Rating 

4 
3 
2 
0, I 

Estimated 
Remaining 
Life (yr) 

10 
5 
1 
0 

Estimated 
Remaining 
Life (yr) 

50 
42 
33 
25 
17 
10 

5 
I 
0 

points, the deficiency point assignment will be 
limited to a maKimum of 100. The higher the point 
assignment on a bridge, the higher its priority; 100 
points represents total deficiency, and O points 
represents no deficiency . 

Table 5 summarizes the four major components of 
the prioritization system, defines the elements in 
their makeup , and indicates the initial or trial 
weights that have been assigned to each. 1\s the pro
cedure is tested , evaluated , and refined the weight 
assignments could and probably wi ll change. 

The maintenance deficiency point assignment for a 
bridge will be based on the bridge maintenance 
activity that bas the largest sum of deficiency 
points for activity ranking and urgency . The 
bridge's deficiency point assignmen t and the 
bridge ' s county ranking for maintenance based on the 
deficiency point assignment will be recorded on the 
bridge maintenance activity needs screen. Therefore, 
when a manager views the subject screen for indi
vidual bridges, an immediate indication of the rela
tive priority of the most critical repair need on 
one bridge compared to another bridge and to the 
worst possible case (100 deficiency points) is 
available. 

With a deficiency point assignment stored in BMS 
for every bridge, listings in priority order can be 
easily generated using the particular parameters 
desjred. To facilitate this reporting, user-friendly 
preprogrammed report generators with user-defined 
variables will be developed. 

A listing of bridges in priority order to be 
repaired oan be generated for review by the district 
and county ma intenance managers and for their use in 
developing the annual bridge repair programs. Once 
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programmed, the activity needs screen can be updated 
to reflect whether work is to be done by department 
force or contract and the date of implementation 
scheduled. 

MAINTENANCE MANAGEMENT 

PennDOT is developing a MORIS to assist its Mainte
nance Organization to plan , implement, and effec
tively manage activities . The system combines various 
existing material, equipment, manpower, and planning 
suus ytitems ano f urther enhances their combined. capa
bi.J.J.ties. Figure 6 shows an overview of the system. 

It is envisioned that when the BMS is told that a 
certain activity or activities on specific bridges 
are programmed for i mplement a t ion by depa rtme n 
forces, a copy of the data will be transmitted to 
t.he planning file in MORIS. The maintenance manager 
can then review and transfer the data to their annual 
and periodic work plans within MORIS. 

MORIS will generate the dai1.y crew payroll form, 
filling in the bridge location identifier plus the 
cost function and method (Activity Number) for th e 
work that is to be per formed. It should be noted 
that , initially, only 35 of the 76 maintenance 
activities identified on the needs reporting form 
are being assigned cost functions . Therefore , for 
cost-accounting purposes, activities without a valid 
cost function will have to be grouped with a similar 
activity that has an a pproved cost function. 

During the actual implementation of the work, 
labor, use and cost of equipment, and materials are 
tracked daily from the crew foreman's payroll . The 
activity, quantity , and the cost of work performed 
will be reported to the individual bridge file in 
BMS on a daily basis. A running total quantity and 
cost will be maintained until notific ation is re
ceived from MORIS that the activity is completed . 
The compl etion date of each activity and the final 
quant~ty and its cost will then be kept for histori
cal r ecord purposes . Figure 7 shows the general for
mat of the BMS on-line screen where these data will 
be stored. Foll.owing this , the needs-inventory por
tion of the br i dge file can be automatically updated 
to eliminate those programmed activities that have 
been completed. 

CONTRACT MAINTENANCE WORK 

As pac t of t he overall BMS development , a three-digit 
code has bee.n developed to detail major improvemen t 
( r ehab.ili tation or replacement) needs and work (6) . 

The number inserted in the first digit indicates the 
type of work to be performed on the deck , the second 
digit relates to the superstructure, and the thii;d 
to the substructure. Because this code is being in
corporated into PennCOT ' s contract management system 
a nd may be included in the project inventory and 
program management systems, it will also be used as 
a general indicator that maintenance type work is to 
be performed, An R or similar indi cator can be placed 
in the digit corresponding to the bridge component 
where work is to be done. 

Use of the aforementioned code will allow the 
development and implementation of contract mainte
nance projects to be easily tracked and BMS to be 
kept informed of their new status. Although this 
system will monitor progress of a contract mainte
nance project, it will not definitively indicate the 
type or extent of work. To determine this, the user 
has to manually revie~ the plans , contract document, 
or the automated structur e cos t data file. On com
pletion of the work, BMS will be notified that con
tract maintenance-type work has been completed and 



TABLE 5 Maintenance Deficiency Points Assignment 

Component 

Bridge maintenance activity rank 

Activity urgency factor 

Bridge criticality 
Part A: Interstate 

U.S. numbered highway 
State highway 
County llighway 
City, borough street , or township road 

Part B: PCN 
PCN or coal haul 
Agri-access network 
Industrial access 

Part C: ADT x detour length 
> 30,000 
;;. 15 ,000 but < 30,000 

;;. 3,000 but < 15,000 
<3 ,000 

Bridge adequacy 
Part A: Lowest condition rating 

.;; 3 
> 3 but .;4 
> 4 but <5 
> 5 

Part B: Load capacity (individual rating) 
H configuration .;; 12 tons 

> 12-19 tons 
ML 80 configuration > 19-30 tons 

> :iO tons 

Maximum 
Deficiency 
Points 

40 

25 

25 

25 

Element 

Group AFa 
A 
B 
c 
D 
E 

Code 0 
I 
2 
3 
4 
5 

Deficiency 
Point 
Assignment 

40 
25 
20 
15 
10 
s 

25 
20 
IS 
IO 
5 
0 

5 
4 
3 
2 
I 
s 
s 
3 
3 

15 
IO 
5 
0 

1.) 

IO 
5 
0 

10 
7 
4 
0 

a AF.:: Group A, actJvity that is fatigue prone and controls the jnventory rating. 

COUNTY 

DISTRICT 

WAREHOUSE 

CENTRAL 
OFFICE 

Input & Volldotlon 

• Verlflcatlon 

•Dato Entry 

• Edit & Volldatlon 

Maintenance 

• Plonnlno 
• Resource Bolanclno 
• Poyrol I 
• Cost Accountlno 

lsaues 

Moterlols 

• Order /Receive 
• Issue 
• Transfer 

Costs, 
Avolloblllty 

• Moterlol Requirements 
Plonnlno 

• Molntoln Inventory 

Ports 

EQUlpment 

• Schedule PM's 
• Create Work Orders 
• Performance Reportlno 
• Molntoln Inventory 
•Schedule 
•Determine Retirements 

FIGURE 6 Maintenance operations and resources information system 
overview. 
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Structure I dentlflcotlon 

LI.J L..L.U..J L..L.U..J L..L.U..J 

DATE ACTUAL ACTUAL 
REPORTED 

ITEM NO. UN IT QUANTITY COST 

FIGURE 7 Completed bridge maintenance activities 

its cost. To construct a more detailed historical 
record, the work has to be manually matched to 
activities and quantities, and costs determined. 

PREVENTIVE MAINTENANCE AND CYCLIC NEEDS 

The extent and frequency of some repetitive and age
associated preventive maintenance, routine mainte
nance, and minor rehabilitation needs and their ef
fects on service life are conceptually known from 
generalized experience. However, this work must be 
blended with the other identified needs to arrive at 
an overall balanced program. 

The repetitive need cycle or bridge age when cer
tain bridge maintenance and minor rehabilitation 
needs develop can be generalized as given in Table 
6. Annualized funding needs can be generated and 

TABLE 6 Need Cycles for Bridge 
Maintenance and Minor Rehabilitation 

Frequency 
Activity (yr) 

Structural steel painting 12 
Deck rehabilitation" 
Bridp 20 
Deck, condition rating <; 5 

Deck joints cleaning and resealing 5 
Scuppers cleaning I 
Deck clenning I 
Brenkdown maintenanceb 2 
Timber deck replacement 15 
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considered in conjunction with the tabulated existing 
bridge maintenance needs to allocate maintenance 
mon ies . 

As historic activity and cost completion data are 
accumulated, the frP.q111>ncies given in Table 6 oan be 
rev ised, expanded , and perhaps categorized by high
way system, level of maintenance, and so on. In addi
tion, the effects on the service life of the bridge 
can be assessed, and eventually, life-cycle costing 
models can be develop~d. 

SUMMARY 

Various computerized highway management and informa
tion systems are scheduled to be implemented by late 
1986. These will give PennDOT comprehens ive and 
powerful tools to improve the effectiveness, effi
c iancy, and depth of its manager ial control over the 
Commonwealth's highway system and will help ensure 
that the depar tment's limited financia l and human 
resources are used to maximize the benefits to and 
safety of the traveling public. 
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A Comprehensive Bridge Posting Policy 

I. R. PAREKH, D.R. GRABER, and R. H. BERGER 

ABSTRACT 

The posting of bridges for maximum allowable loads should allow for the safe con
tinued use of existing bridges without unnecessary restrictions. The mechanism 
for determining load postings must minimize risk to the structure and maximize 
the benefits for the user by considering economic as well as engineering factors. 
A rational policy is essential to maximize the remaining service life of existing 
bridges and to protect the bridge owner 's capital investment. The method developed 
here to determine bridge postings will span the gap between current inventory and 
operating load levels of AASHTO. It will provide more than one stress level for 
evaluation and be flexible in the decision-mak ing process by balancing risk and 
safety. levels and taking structural redundancy, load var .iations, permit opera
tions , load enforcement, and level of inspection into account. This method will 
help raise the load posting level of deficient bridges and at the same time reduce 
the risk of bridge failure. The method is equally .applicable to reinforced con
crete, prestressed concrete, structural steel, and timber. Equivalent load factors 
are identified for use with load factor method (LFM). 

The posting of bridges for maximum allowable loads 
should allow for the safe continued use of existing 
bridges without unnecessar.Y restrictions. The mech
anism for determining load postings must minimize 
risk to the structure and maximize the benefits to 
the user by considering economic as well as engi
neering factors. A· rational policy is essential to 
maximize the remaining service life of existing 
bridges and to protect the bridge owner's capital 
investment. 

In 1983 Byrd, Tallamy, MacDonald and Lewis , under 
contract with the Pennsylvania Department of Trans
portation (PennOOTJ began a 21-month study of defi
cient bridges in Pennsylvania, which resulted in this 
paper. The objectives of the project were to develop 
a comprehensive bridge-posting policy, analyze 
bridges by both working stress and load factor 
methods, and evaluate the effect of bridge loads. 

Specific tasks (Figure l) were identified: (a) 
study the economic effect of the proposed posting 
policy; (bl conduct telephone surveys of several 
state agencies and all district bridge offices; (cl 
classify 6,000 deficient bridges by type, location, 
and traffic characteristics; and (dl compare typical 
posting values that result, using working stress 
(WSM) and load factor methods (LFM) • 

FINDINGS 

Telephone surveys 

The telephone surveys revealed that all states rate 
their .bridges in accordance with AASHTO' s Manual for 
Maintenance Inspection of Bridges (1). However , most 
states do not post their bridges i; accordance with 
these specifications. Variations were found among 
states, reflecting the nation's geopolitical spec
trum. 

BRIDGE 

GROUPINGS 

ANALYSIS 

OF 
LOADINGS 

BRIDGE 

CLASSIFICATIONS 

EFFECTS OF LOADS 
AND 

RANGE OF MAX LOADS 

TELEPHONE 
SURVEY 

ANALYSIS OF 
RATING METHODS 

RANGE OF TYPICAL 
POSTING VALUES 

POLICY 
DEVELOPMENT 

POLICY 
ASSESSMENT 

FINALIZED POLICY 
ANO 

CONCLUSIONS 

FIGURE 1 Task relationship. 
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The telephone survey revealed that several states 
have their own posting policy. North Carolina's pro
c edu re was the most complete example found, consist-

Byrd, Tallamy, MacDonald and Lewis, A Division of 
Wilbur Smith and Associates, 2921 Telestar Court, 
Falls Church, va. 22042 

ing of 81 pages defin;l.ng stresses , rating trucks, 
interpretation of A.llSRTO specifications, and speci
fying signs to be used (£). Illinois' policy defines 
lanes, stresses , and exceptions. New York's policy 
is actually a rating memorandu.m. Pennsylvania allows 
the use of stresses up to operating rating based on 
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engineering judgment if (a) the bridge is in good 
condition, (b) the inspection frequency greatly ex
ceeds the minimum required, (c) the load history of 
the b ridge is closely monitored, and (d) the in
crease in otrco o is approv@d by Lit~ d1lef bridge 
engineer. 

The policy also specifies the use of the AASHTO 
trucks but subs titutes the st te 1s 36.64-ton, four
axle dump t r uck , the ML-80 (Figure 2). 

ML-80 TRUCK 

36.84 TONS 

H20 LOADING 

TRUCK OR LANE 

HS20 LOADING 

TRUCK OR LANE 

38 TONS 

SK 
SOURCE: PennDOT &AASHTO 

SK 

FIGURE 2 Rating vehicles. 

14 ' 

32K 

32K 32K 

Most states do not post for load using fatigue as 
a criteria because fatigue is more a function of 
stress cycles than stress range. These states include 
fatigue in the inspection-rehabilitation process. 
The surveys also revealed that most states do not 
issue overweight permits for posted bridges. 

Deficient Bridge Classi"fications 

It was decided that the research effort should con
centrate on 6 ,ODO structurally deficient bridges as 
defined by a sufficiency rating of 80.00 or less be
cause these structures are either posted (presently 
3,700 bridges) or candidates for posting. Both values 
include state and local owners. It was shown that 
the majority of structurally deficient bridges are 
older than the general population of bridges and are 
located on rural routes with an average daily traffic 
of under 2,000 vehicles per day and an average detour 
length of 5 mi. Five bridge types were selected for 
concentrated effort. These types, which account for 
most structural ly deficient bridges , are steel I-beam 
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spans, steel through truss spans , steel girder
floorbeam spans, reinforced concrete slab spans, and 
reinforced concrete T-beam spans. The types also ac
count for most posted structures. 

~restressed concrete does not appear on the f ore
go i ng li.st because of the low number of such bridge 
types that are structurally deficient. I t is specu
l ated that this is because these str uctures are 
relatively young, made with dense concrete, and fac
tory cured under a high degree of quality control. 

Span ranges were obtained for each of the defi
cient str _ucture types so that analyses of typical 
bridges could be performed. Figure 3 shows the spa n 
ranges for each type of structure considered. 

Bridge LOads 

Bridge loadings of var i ous states were analyzed for 
their effect on struct ures . The legal loads in Cali
fornia, Michigan, and Pennsylvania were found to be 
among the highest in the nation. Figure 4 shows the 
relative effect of various bridge loads. The bending 
moment without impact was calcula ted and d ivided by 
the moment induced by the HS20-44 de•dgn truck. The 
resultant ratio is plotted versus t he apan l ength 
for whi ch it was calculated . Based on th is a nalysis 
10 bridge loadings were selected f or concentra ted 
effort. 

Comparative Analysis 

A comparative analysis of WSM and LFM was performed 
on 15 sample bridges. For the five typical, struc
turally deficient bridge types, typical posting 
values were generated for short, average, and long 
spans at inventory and operating ratings for the 10 
selected br i dge loadings . The analysis was designed 
to compare variables affecting bridge postings. WSM 
versus LFM, inventory rating versus operating rating, 
truck configurations, original design load, and the 
effect of span length were examined. The results of 
the comparative analysis are summarized in Figure 5, 
which shows the number of bridges that require post
ing in each category. 

WSM versus LFM 

WSM was used initially to design the nation's defi
cient bridges. The results of the comparative analy
sis demonstrate that postings are nearly the same, 
independent of the rating method used. The difference 
is that one sample bridge was borderline and would 
require posting using WSM. It was found during the 
comparative analysis that LFM was very time consum
ing. Much additional information is required to per
form an LFM posting analysis. 

The use of LFM for rating structural steel is not 
advantageous when the engineer is working with a 
noncompact section or a compression flange that is 
fully supported. Secondary stresses induced by beam 
curvature do not lend themselves well to rating by 
LFM. However, WSM is easily adapted to the rating 
task. The short span through truss in the comparative 
analysis also had the disadvantage of timber string
ers that could not be rated using LFM. LFM for rating 
reinforced concrete is advantageous only for Grade 
60 steel. Most deficient bridges were built us.ing 
Grade 40 reinforcement, however. 

Rating Vehicles 

Single vehicle postings were controlled by either 
the H20 loading or by the four-axle dump truck. Com-
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SMN LENGTH (FEET) 
FIGURE 3 Span length distribution. 

ML 80 

40 80 120 
SPAN 

bination vehicle postings were controlled by the HS20 
loading in all cases except one borderline case where 
the Type 3-4 loading controlled. This vehicle is an 
Interstate loading and would probably not require 
posting. 

Span Length, Age, and Original Design Load 

In all cases but one, the long span structures were 
des i gned for HS20-44. Most states have us ed this 
des ign load since 1944. It is plausible t ha t the 
construction of ever-longer span structures was pos
sible with a constantly advancing technology so that 
l onger spans are of newer construction and design 
l oads . Th is being the case, span length, age, and 
original design l oads can be cons i dered together. 

In most cases t he posting weight limit increases. 

FIGURE 4 Effect of bridge loads. 
This is partly a result of the effect described 
earlier and the fact that short spans, which are 
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3 

1.00 

predominantly stressed by live load , will be posting 
prone, whereas long spans, which are predominantly 
stressed by dead load, will be, to a degree, rela
tively free of load posting (Figure 6). 

POLICY DEVELOPMENT 

Safe Load Posting Leyel Flowchart 

The method developed to determine the safe load 
capacity will bridge the gap between current inven
tory and operating load levels of AASHTO. It will 
provide more than one stress level for evaluation. 
It will be flexible in the decision-making process, 
balancing risk and safety levels and taking struc
tural redundancy, load variations, permit operations, 
load enforcement, and level of inspection into ac
count. 

This method of selecting safe load capacity should 
help raise the load posting level of deficient 
bridges and at the same time reduce the risk of 
bridge failure. The recommended method will be 
equally applicable to reinforced concrete, pre
stressed concrete, structural steel, and timber. 
Equivalent load factors that can be used for LFM 
analysis have been developed. 

The 10 factors affecting the posting level pre
viously identified are shown in Figure 7. The purpose 
of the safe load-stress level decision flowchart 
shown in Figure 8 is to quantify and document the 
input to solidify the logic for selecting the posting 
level to be used. A discussion of some of the various 
decision nodes in the flowchart follows. 
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Member Condition 

Steel does not lose strength with age or deteriora
tion because loss of section is used to discount 
corrosion of t.hP met<1l, and becaus;e fatigue i11 not 
an issue here. Concrete actually gains strength with 
age, and even some heavily deteriorated concrete 
bridges have been shown to suffer no measurable loss 
of strength (1) • 

Based on these findings, the research team recom
mends that only members with material in critical 
condition, with an SI&A superstructure condition 
rating of 3 or below, should be rated no higher than 
inventory stress level <!l . 

Inspection Frequency 

In order to m1n1m1?.P the need to post numerous 
bridges, AASHTO allows the rating agency to use load 
levels higher than inventory rating, for posting 
purposes. The research team recommends that posting 
levels greater than inventory rating should be al
lowed if the inspection frequency were reduced to 
once a ~l~Wr er less ana if other pertinent factors 
do not prevail. 

Level of Enforcement 

Load levels higher than inventory rating for posting 
are acceptable only if the risk of overload is small. 
Enforcement of posting limits becomes more er itical 
as the posting value decreases. Structures located 
on highways with permanent truck scales attain the 
highest level of confidence. 

The level of enforcement was divided into three 
categories in an effort to quantify the enforcement 
factor. Enforcement Level 1, is assigned to struc
tures on routes where truck load limits are vigor
ously enforced. Routes with a moderate level of en
forcement are assigned to bridges with Enforcement 
Level 2. Other roads are assigned to Enforcement 
Level 3. Bridges with Enforcement Level l should be 
allowed higher posting levels, and bridges with En
forcement Level 3 should be posted at lower posting 
levels (Imbsen et al., 1983). 

Incidence of Maximum Load 

AASHTO (! 1 p.24) recognizes that the probability of 
having a series of closely spaced vehicles of maxi
mum allowed weight becomes greater as the maximum 
allowed weight for each unit becomes less. Similarly, 
structures with a lower posting have a higher inci
dence of maximum load and, therefore, a lesser stress 
level should be imposed. On the other hand, struc
tures with a higher posting have a lower incidence 
of maximum load due to a more distributed load spec- ' 
trum and, therefore, are allowed a higher stress 
level. 

Years to Replacement 

Terminal rating is a procedure that allows a bridge 
scheduled for replacement to be posted at a higher 
level. The theory is that a condemned bridge may be 
allowed to deteriorate at an accelerated rate. The 
pitfall of using terminal rating is that the sched
uling of replacement funds cannot be guaranteed. 

Fatigue 

Certain types of bridges need to be investigated for 
fracture-critical details, such as partial-length 
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FIGURE 7 Factors affecting posting level. 

cover plates. The detail must then be investigated 
to determine if it poses a fatigue problem. During 
the telephone survey, it was learned that one state 
limits its allowable strength to 129 percent of in
ventory. This was said to be done to reduce the risk 
of fatigue damage, which increases dramatically as 
the allowable stress is increased. This can be theo
retically proven with a cumulative damage analysis. 
For example, a 10 percent reduction in the stress 
range will result in an increase of 10 to 30 percent 
in the fatigue life. 

Detour Length 

Of all the factors the research team considered in 
selecting a safe load posting level, the detour 
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length around a posted structure is the only non
structural consideration. It is recognized that the 
longer the detour, the h ighe r the posting level re
quired to offset the detour costs t hat will be in
curred. It was found that most detour lengths are 
less than 6 mi. Breakpoints should be set high so 
that only exceptional cases are given special treat
ment. Breakpoints of 10 to 25 mi are chosen because 
10 is near the arithmetic mean and 25 is at the 95th 
percentile. 

Safe Load Posting Levels 

The decision flowchart prescribes specific levels of 
posting that approximate even steps from inventory 
to operating rating. Actually the last step to 
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operating rating varies, because operating as a per
cent of inventory differs for various materials. 
Figures 9 and 10 show the tabulation of the various 
posting levels. Figure 9 is for WSM and Figure 10 is 
for LFM. 

POSTING 
LEVEL CONC STEEL TIMBER 

A 100 100 100 

B 110 110 110 

c 120 120 120 

D 129 129 126 

E 138 136 133 

FIGURE 9 Safe load posting levels 
for working stress method. 

POSTING 
LEVEL SERVICEABILITY 

A D+ %L 

B D + 4.5/3L 

c D+4/3L 

D D + 3·%L 

E D+L 
FIGURE IO Safe load posting levels 
for load factor method. 

Safe Load Posting Level Decision Flowchart 
for Concrete Without Plans 

A decision flowchart for reinforced concrete bridges 
where no plans exist is shown in Figure 11. The out
put of the flowchart is a posting value. 

Signs of Distress 

The 1978 AASHTO allows a bridge without record plans 
to be unposted when the structure has been carrying 
normal traffic for an appreciable length of time and 
shows no signs of distress. The researchers therefore 
recommended that bridges with an SI&A rating of 4 to 
9 that show signs of distress should be posted for 
no more than 15 tons unless other circumstances al
low for a greater capacity. Signs of distress are 
more fully defined in Figure 12. 

Year of Design 

The year in which a bridge was designed indicates 
the design load. Since 1944, most bridges have been 
designed with HS20 load. Before 1944, the majority 
of bridges were probably designed for a load somewhat 
less than HS20. Using this hypothesis, bridges built 
after 1944 showing no signs of deterioration should 
remain unposted. On the other hand, bridges built 
before 1944 showing signs of deterioration should be 
posted for a value of 15 tons unless other pertinent 
conditions prevail. 
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Analysis Method 

The telephone survey showed that most states use WSM 
or a combination of WSM and LFM. Concurrently, many 
reasons were offered against LFM. From the compara
tive analysis of rating methods, the research team 
found that WSM and LFM yield nearly the same results, 
with LFM requiring notably more effort. Based on this 
observation, the policy should state that two levels 
of analysis be employed: 

1. Analysis Level 1 would use WSM as the primary 
tool for bridge rating. 

2. Analysis Level 2 would prescribe a second, 
more detailed analysis using revised rating criteria 
and the use of LFM, if deemed pertinent. The use of 
LFM should be reserved for instances when its use 
will be advantageous. These cases exist when a rein
forced concrete span uses Grade 60 reinforcing steel 
or when a steel I-beam span uses compact sections 
and has laterally unsupported compression flanges. 

Special Considerations 

In cases where Level 2 analysis is performed, other 
factors in the analysis may be considered: 

1. Use a three-dimensional computer analysis; 
2. Use a more refined live-load distribution 

factor; 
3. Reduce the impact factor in situations in 

which vehicle speeds can be effectively controlled; 
4. Use the actual number of lanes that a struc

ture carries, instead of design-lane loads; 
5. Construct curbs to reduce the number of lanes 

or to place wheel loads in more favorable locations: 
6. Erect signs or traffic lights to limit a 

bridge to one truck at a time; 
7. Evaluate materials through sampling and test

ing; and 
8. Use load testing to evaluate capacity. 

Posting Limits and Rating Vehicles 

The ML-80 truck, which has a gross vehicle weight 
(GVW) of 36.64 tons, was found to control single-ve
hicle posting in a significant number of the cases. 
For this reason it was decided that the ML-80 should 
be included as a rating truck and that the posting 
limit for single vehicles should be increased to 36 
tons. Any state weighing tolerances will not be in
cluded here because the posting of bridges for a 
weight limit higher than that allowed by law would 
confuse the public. 

Combination vehicles are allowed to have a GVW of 
up to 40 tons. As a result of the comparative analy
sis, it was found that the 3 6-ton HS20 truck con
trolled combination postings in all cases but one. 
The Type 3-4 truck controlled one posting. However, 
this vehicle is restricted to the Interstate system 
and to designated primaries only. In addition, the 
Type 3-S4 was also considered but rejected because 
it did not control posting. 

It was recommended that bridges should be rated 
for the H vehicle and posted to a maximum of 19 tons, 
rated for the ML-80 vehicle and posted to a maximum 
of 36 tons, and rated for the HS20 vehicle and posted 
to a maximum of 35 tons. The exception is for the HS 
vehicle with a required posting greater than 35 tons 
when posting is required for single vehicles. In this 
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case, the structure should be posted at the rated 
value for single vehicles and 40 tons for combination 
vehicles. 

The Posting Process 

General 

FIGURE 12 Distress level. 

Bridge management is a major activity of which the 
posting process is simply a part. The posting process 
begins with a field inspection. From the data col
lected, a load rating analysis of the structure can 
be performed for use in completing the FHWA structure 
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inventory and appraisal data base. A load posting 
analysis--the focus of this study--can then be used 
to determine the maximum allowed load limit for 
posting. Finally, permit load rating analyses can be 
performed periodically to review overload permit ap
p 1 ica tions • 

Load Rating Analysis 

The posting process, developed by the research team 
and shown in Figure 13, begins with the collection 
of data from the field inspection and with the load
rating analysis. It must then be determined if post

.ing is required at the inventory rating. If not, the 
bridge remains in service unrestricted and is placed 
on a 2-year inspection cycle. 

Load Posting Analysis Level 1 

If posting is required at inventory rating, the de
cision flowchart can then be used to determine a safe 
load posting level. With this, the load posting 
analysis can be performed to determine if posting is 
still required. If not, the bridge is unposted, and 
the structure is scheduled for inspection every 12 
months or less. 

Load Posting Analysis Level 2 

If posting is required at the safe load posting 
level, alternatives to posting are examined, These 
alternatives include an evaluation of posting er i
ter ia, such as wheel load distribution factor, impact 
factor, and the use of load factor method of analy
sis. The use of a more detailed analysis, such as 
three-dimensional computer modeling may be justified. 
If the evaluation reveals that criteria have changed, 
a second load posting analysis can be performed. The 
extent of this reevaluation depends on the posting 
value resulting from the Level 1 posting analysis 
and the minimum desirable posting criteria. 

Operation of Posted Structure 

The posting agency must now operate a posted struc
ture. This includes notifying the public of the 
posted structure and detour routes. Examples of those 
affected include school and emergency services, the 
trucking industry (both local and long distance), 
and in some cases, local commerce. Other duties in 
operating a posted structure include maintaining 
signs, inspecting the structure every 12 months or 
less, enforcing posted load limits, and issuing 
overload permits. 

Emergency Posting 

Emergency posting as a routine part of the posting 
process was considered and rejected based on the 
conversations during the district field visits. Con
ditions rarely warrant temporary posting while emer
gency repairs are made. In addition, rapid reversals 
in the posted load limit before, during, and after 
emergency repairs only tend to undermine the user's 
confidence in the reality of bridge postings. 

Most cases of emergency posting result from traf
fic accidents. This can be from an over-height 
vehicle striking an overpass or from river traffic 

LEVEL 2 
ANALYSIS 

POSTING 
COMMITTEE 

CLOSE 

COLLECT DATA 

NO 

NO 

OPERATE 

FIGURE 13 Posting determination process. 

BRIDGE 
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striking piling. Emergency posting rarely results 
from the findings of a routine inspection. It was 
decided that if an emei;:gency posting is truly an 
emergency, three options exist. The bridge should be 
(a) posted for 10 tons1 (b) posted for no trucks, 
one-lane traffic, or both1 or (c) closed to all 
traffic. 
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Time Limit 

A time limit needs to be imposed on the posting pro
cess, so that a posting revision will not be held up 
in C'!nmmit.teei;. The time limit from ins;p11ction to 
erection of the sign should be specified as a func
tion of the percent reduction in the posting. This 
time limit should not exceed one month for a pro
posed posting reduction of less than 10 percent. A 
time limit of one week should not be exceeded for a 
posting revision of 10 to 50 percent. Beyond 50 per
cent, the time limit should be set at 24 hours. For 
example, if an unposted bridge is found to require a 
12-ton posting, for an H-truck loading, a time limit 
of one week would be imposed, because the reduction 
in posting would be 8/20 = 40 percent. 

During the district field visits, various sign types 
were discussed. These discussions aided the research 
team in selecting signs for the posting policy (Fig
ure 14). 

Type I: Weight Limit XX Tons 

This sign specifies a single weight limit. As it is 
currently used, this sign restricts combination 
vehicles that generally accommodate more load because 
of the greater number and spacing of axles. This sign 
is best suited for structures with low weight limits 
where the difference between the two limits is small 
and the probability of there being a combination 
vehicle of low GVW is less. Otherwise, the Type I 
sign should be used in combination with Types II, 
III, or IV signs. 

EXCEPT 
COMBINATIONS 

D 
TONS 
TYPE II 

R12-4 

NO 
TRUCKS 

OR 
BUSS ES 
TYPE IV 

R6-3-4 

WEIGHT 
LIMIT 
D 

TONS 
TYP£ I 

R12-1 

BRIDGE 
LIMITED TO 
ONE TRUCK 

TYPE Ill 
R97-12 

BRIDGE 
CLOSED 

TYPE V 
R11-2-1 

SOURCE: PEN ND OT, OFFICIAL TAAFFIC-CONTllOL DEVICE9, ,UB H. 

FIGURE 14 Poe~ aigna. 
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The sign axle weight limit XXX lbs was also con
sidered. This type of posting is more accurate than 
assuming that "each axle load maintains a constant 
relationship to the total load" (l,p.21). However, 
dual posti ng11 fnr 11xle loads; and GVW will be more 
confusing. This sign also lacks a legal definition 
in the sponsoring state. For these reasons, the sign 
was rejected. 

Type II: Except Combinations XX Tons 

A bri~ge can be posted for both single and multiple 
vehicles when Type II and Type I signs are used, as 
they currently are in all districts. When the HS20 
rating is equal to or greater than 36 tons and the 
Type I sign is required, this sign should call for a 
maximum limit of 40 tons to allow passage of all 
combinations. 

Many stat es now use silhouette signs for multiple 
postings. Much information can be quickly grasped 
from these signs, which also lend themselves to the 
posting of double bottom combination vehicles. How
ever, concern was expressed during the district field 
visits auout the use of silhouette signs. These signs 
t~quire a legal definition. Confusion by truck 
drivers was also anticipated concerning whether to 
count the number of trailing units or the number of 
axles. Word message signs are legally defined and 
understood by the user. Trends in other states and 
pressure for a uniform sign practice may eventually 
call for change in this policy. 

Type III: Bridge Limited to One Truck 

When special conditions warrant, the use of this sign 
along with the Type I sign will increase posting load 
limits. 

Type IV: No Trucks or Buses 

This sign is to be used with the Type I sign when 
the posted load limit is 3 tons. This sign will pre
clude the use of the bridge by trucks and buses and 
allow local officials to enforce weight limits with
out actually weighing them. 

The sign Passenger Cars and Pick Ups Only was also 
considered for this application. This sign was ulti
mately rejected because it lists only two of many 
vehicles that are allowed to use the structure. 

Type V: Bridge Closed 

This sign is to be used when the structure must be 
closed. 

CONCLUSIONS 

The policy assessment was based on a small sample of 
bridges. The results of the analysis are tentative. 
However, the following conclusions are offered. 

1. The proposed posting policy has the 
over the existing policy of providing an 
decision-making tool for arriving at a 

advantage 
objective 
desirable 

level of posting. The proposed policy does not elim
inate engineering judgment but does provide a logical 
pattern for it. 

2. The proposed posting policy will provide a 
uniform procedure for the selection of an optimum 
stress level with the use of the safe load posting-
level dec is ion flowcharts. 
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3. The proposed posting policy provides flexi
bility by allowing the engineer to perform a Level 2 
analysis or inspect bridges at increased frequency. 

4. The proposed posting policy protects the 
state's capital investment in its bridges. This is 
mainly a result of the protection from overloads pro
vided by posting policy. 

5. The proposed posting policy protects the pub
lic safety for the same reason as the aforementioned. 
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Prescription for Steel Girder Bridge Rehabilitation 

RAYMOND E. DAVIS, RAMIN RASHED!, and KHOSROW KHOSRAVIFARD 

ABSTRACT 

Increases in design or permit live loads, coupled with material deterioration, 
currently require rehabilitation or replacement of many bridges. Current AASHTO 
1 ive-load distribution er iter ia, originally developed for fully loaded struc
tures, result in ultraconservatism when applied to overload vehicles occupying 
only one or two lanes. Indiscriminate use of these criteria may suggest need
less rehabilitation. Application, even if time-consuming, of currently avail
able, sophisticated, computerized analyses that treat such partial-width load
ings accurately may effect significant economies by demonstrating structural 
adequacy. Plans for overlayrnent on a deteriorated concrete deck on steel gird
ers at a California site and upgrading for a new live-load permit vehicle, 
based on AASHTO distribution criteria, will require auxiliary steel flanges, 
introduction of composite behavior and web posttensioning to carry increased 
dead and live loads. A grillage analysis with the CURVBRG computer program sug
gests questionable need for post tensioning. Further analyses with FINPLA and 
STRUDL finite-element programs demonstrate a method for assessing web stresses 
at the posttensioning brackets. 

In 1975 the California Department of Transportation 
(Caltrans) upgraded its specifications for bridge 
loadings with the objective of producing initial 
designs commensurate with later ratings for overload 

California Department of Transportation, 1120 N St., 
Sacramento, Calif. 95844. 

(!)·The rev1s1ons introduced a modular design vehi
cle called the Permit- or P-series vehicle, signifi
cantly longer and heavier than H-series vehicles 
used previously. Unlike H-series trucks, P-series 
vehicles are used singly or in conjunction with an 
HS20 vehicle in an adjacent lane, and load factors 
are significantly lower than H-series factors. 
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As a result of the new, heavier loadings, a pro
gram was initiated in which existing bridges on the 
state highway extra legal load (SHELL) system are 
screened to determine structural adequacy. For steel 
girder bridqes, this screenin11 utill~rnl'I the C'l.TRVBRG 
program, written by Mondkar and Powell at the Uni
versity of California, Berkeley (~), and implemented 
into the Caltrans operating system by the Structural 
Research Unit in 1974 Cl). Bridges that are proven 
to be structurally inadequate in the screening pro
cess must be either replaced or rehabilitated, the 
latter frequently by applying post t ensioning forces 
to webs or flanges, by introllucing composite beha
vior, or both. 

Mancarti has discussed (i) current plans for ma
jor rehabilitation of this nature at the Yuba Pass 
overhead and separation. This work involves a number 
of phases including: (a) replacement of bearings; 
(b) annit.ion of transveue and longitudinal atiffen
ers; (c) addition of auxiliary bottom flanges; (d) 
removal and replacement of existing curbs and rail
ings; (e) scalping a thin, upper layer of the deck, 
placement of shear connectors to introduce composite 
action, and subsequent thickening of the deck; and 
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(f) a Cld i ·tion of reinforced s teel brackets and pos t
tension i ng tendons to the s i des of the girder webs. 
AASHTO-specified live-load distribution was used in 
determining requirements for strengthening. 

Mancarti nnt-P.n t ha t pos t tenaion i ng f o rces wouJ.d 
be sign ificantly larger t han any applied previously 
in thi s manner in Ca lifor n ia , resuJ.ting i n a r eque st 
that the Stru tura Ana lysis Unit investigate dis
tribu tions o f prestreas forces into webs i n the v i
cinity of the brackets. The study is detailed in 
this paper. 

DESCRIPTION OF PROTOTYPE 

Figure 1 shows a general plan elevation view of the 
left structure. The first (simple) span is already 
composite, Spans 2 through 4 are not. Plans call for 
partially remedying this situation in the suspended 
sections of Spans 2 and 4 by removing portions of 
the deck down to the upper steel flanges and affix
ing shear connectors to produce composite action. An 
enlarged elevation showing posttensioning details is 
shown in Figure 2. Figure 3 shows the posttensioning 
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FIGURE 3 Posttensioning brackets. 

brackets. The section between hinges, including Span 
3, is controlled by negative moment and will remain 
noncomposite. 

PROPOSED METHOD OF ANALYSIS 

Available Programs 

The current repertoire of ·programs available to the 
Structural Analysis Unit includes no single code, 
with the possible exception of STROOL, capable of 
treating the entire problem. However, the following 
codes contain facilities that can be used to signif
icant advantage in the analysis . 

CURVBRG 

This program provides a powerful tool for treatment 
of steel-plate girder bridges with concrete slabs. 
It is one of the few available programs for curved 
girder analysis that treats warping torsion. The 
program is not restricted to curved girders but may 
treat straight ones or those with angle points in 
plan. 

This code treats articulation (hinging) of gird
ers and uses a generator that greatly facilitates 
application of live loads to the structure. Output 
comprises envelopes of stresses, moments, shears, 
displacements, and so on, Construction stages may be 
specified so that scaling factors can be applied to 
physical properties of component materials that dif
fer from stage to stage. 

Load trains of wheel reactions at proper spacings 
may be applied and stepped along any user-specified 
lines of nodes. Various load cases can be superposed 
as load combinations with simultaneous application 
of multiplying factors that may include impact fac
tors, load factors, and so on. 

Use of a very simple grillage model minimizes the 
expense of program usage, even for large and complex 
structures; however, formulating input can be te
dious, and determination of representative construc
tion stages can be complex, in a problem such as this 
one. The analysis does not treat loads acting in 
horizontal planes, and, therefore, the important 
posttensioning forces. Nonetheless, CURVBRG will 
serve a useful function in the analysis. 
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CURVBRG's compilers have established favorable 
comparisons between exper imental and program results 
from a number of curved gi rder model tests. In addi
tion, field tests of six lightly instrumented plate 
girder structures by Cal trans' Office of Structures 
Maintenance, a literature search, and subsequent 
CURVBRG analyses of tested structures by the Struc
tural Analysis Unit have yielded some excellent cor
relations between computed and measured strains (de
tails to be published). 

FINPLA 

FINPLA (5) uses a finite-element analysis to treat 
prismatic folded-plate structures with eccentric 
plate and beam elements. The program was extensively 
tested by the senior author in 1968 on a steel box 
girder bridge over the Sacramento River at Bryte 
Bend (6, 7) where excellent correlations were estab
lished- b-;tween program-predicted strains and those 
measured by 1,200 strain-gauge circuits attached to 
steel elements or embedded in the composite, con
crete deck slab. In these tests, the program's power 
to analyze steel box girder behavior was amply dem
onstrated, and the influences of longitudinal and 
transverse stiffening elements, diaphragms, frame 
elements, and so on, were considered. These capabil
ities strongly suggest use of FINPLA in this study, 
especially because it can readily treat forces in 
horizontal planes such as web posttensioning. 

As far as is known, the code was not designed for 
analysis of open-web type structures and has not 
previously been used as such. It cannot treat the 
structure's articulation directly and there is no 
live-load generator, therefore, no convenient method 
of ascertaining critical live-load positioning. 

STROOL 

STROOL provides a finite element capability and un
doubtedly is capable of treating the whole program 
but would be somewhat cumbersome in the total analy
sis of a structure and loadings as complex as these. 
More deta i ls of the program's use are provided. 
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General P~an of Analytical Procedure 

The ultimate plan of approach involved using all 
three programs according to the following steps. 

1. Make initial stress analysis using CURVBRG. 
To assess complete stress fields, begin from incep
tion of bridge construction in 1961, considering all 
pertinent construction stages. 

2. Because CURVBRG is a relatively inexpensive 
program to run, examine all pot entially critical 
live-load conditions, including HS-series trucks, 
HS-series lane loadings, and P-series trucks in 
whatever combinations design specifications require. 
The factoring facility in the section on load combi
nation permits convenient consideration of unfac
tored and factored (ultimate load) cases. 

3. Compare critical load stresses with allow
able &tresses to confirm need for posttensioning. 

4. Use CURVBRG to determine which type of live 
loading produces critical envelope stresses. Because 
program output comprises envelopes of stress maxima 
without preserving vehicle positions producing such 
maxima, make a guess pertinent to two or three po
tsntially critical positions, and rerun CURVBRG with 
these input as single loadings to determine vehicle 
types and positions producing stresses comparable in 
magnitudes to envelope stresses. Record output dis
placements of each girder at hinges for dead and 
critical live loads for the longitudinal section 
from Bent 2 to the first hinge point. In the analy
sis of the longitudinal section between hinges, in
cluding Span 3, use output girder shears from CURVBRG 
to determine reactions on the cantilevered girders 
for subsequent input to FINPLA in lieu of displace
ments. 

5. Establish input for FINPLA stiffness matr i
ces using output displacements from CURVBRG for Span 
2 up to the first hinge as boundary conditions at 
hinges. Note that separate stiffness matrices are 
required for dead and live loadings. For the section 
between hinges, include hinge reactions in the load 
vector. 

6. Input dead and critical live loadings to 
FINPLA in conjunction with appropr i ate stiffness ma
trices. 

7. Substructure Spans 1, 2, and 3 to FINPLA 
blocks containing post tensioning brackets and 
bounded by transverse sections spaced at 48 in. for 
the small brackets, and 52 in. for the large 
brackets. 

8. Determine global x- and z-displacement 
fields at FINPLA sections comprising substructure 
boundaries over web depths and across substructure 
{block) widths. 

9. Use the POLYFIT program to establish poly
nomial regression functions for displacement fields 
in the FINPLA global x- and Z-directions at each of 
four boundaries for each substructured mesh. 

10. Subdivide the two substructures into finite
element meshes with internal element dimensions com
parable in size to bolts securing posttensioning 
brackets to the webs, using STRUDL CSTG constant
strain triangles and isoparametric IPLQ quadrilater
als wi th two (x and y) degrees of freedom at each 
node. 

11. Subject substructure meshes to three, plane 
stress finite-element analyses with STRUDL: 

a. First, designate nodes at four boundaries as 
rigid supports, assume the posttensioning force to 
be distributed equally to each bolt, apply as uni
formly distributed pressures on faces of small ele
ments (1-in. squares) adjacent to holes. 

b. Second, apply no post tensioning forces but 
allow boundary nodes to displace as determined by 
FINPLA in Steps 8 and 9, because of dead, live, and 
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impact loadings and posttensioning forces. use POLY
FIT regression functions established through a rela
tively small number of FINPLA nodes distributed over 
FINPLA section (web) depths and FINPLA block widths 
to asoeco dioplocomcnts ot all nodee eomprieing eub
structure mesh boundaries. 

c. Third, combine principal stress fields from 
a and b to assess total stress fields resulting from 
application of posttensioning forces on a mesh with 
boundaries free to move in accordance with re
straints imposed by the surrounding web. 

DETAILS OF ANALYTICAL PROCEDURES 

CURVBRG Analysis 

Despite CURVBRG's adaptability, analyses for various 
construction stages can be complex. The program per
mits use of successive construction stages to simu
late, for example, erection of steel girders, pour
ing a concrete deck slab, placement of barrier curbs, 
application of live loads, and so on. Elastic prop
erties {moduli, Poisson's ratios} and densities of 
each component material are input separately. In 
general, augmentation of concrete slab density is 
required because internal computation of selfweight 
{dead load) of deck elements will be based on thick
nesses and effective widths input for girder section 
properties, and these dimensions may vary signifi
cantly from actual ones. Density augmentation may 
also be used to account for dead loads of steel 
stiffeners, cross-frames, wind bracing, and so on, 
which would not otherwise be included in dead-load 
computations for the steel girders. 

Contributions to structural behavior of various 
component materials during different construction 
stages may be assessed by internal application of 
scaling factors used to reduce moduli. Typical input 
for material properties may be those given in Table 
1. Not~ the requirement for unit consistency. 

TABLE 1 Typical Input for Material Properties in 
Deck Construction 

Elastic 
Modulus Poisson's Density 

Material (ksi) Ratio (k/in.3 ) 

Steel 29,000 0.285 0.0002836 
Concrete (composite) 3,ooo• 0.180 0.0000868b 
Concrete (noncomposite) 1 0.05 0.0000868b 

8More accurate figures may be obtained from American Concrete Institute 
formulas. 

bConcrete densities will usually be augmented as nOtl:'d previously, and dif· 
ferent materfut types will be required for exterior 1nd fntulor girders be· 
cause of differing augmented densities. 

Because of stress relaxation in the concrete deck 
as a result of creep, it is customary to reduce the 
elastic modulus of deck concrete, usually by a fac
tor of 4, for long-term loads such as barrier curbs, 
overlays, wearing surfaces, and so on. 

The program accounts for effects of transverse 
slab strips on load distribution and production of 
force coupling in the slab, diaphragms, wind brac
ing, and so on; therefore, it will usually be neces
sary to specify two separate types of concrete for a 
noncomposite deck slab that contributes to trans
verse, but not to longitudinal, strength. Table 2 
may be cited as typical input for the aforementioned 
materials in a simple c ase. 
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TABLE 2 Typical Input for Materials for Deck 
Construction 

Construction 
Material Stage Activity 

Steel 1 
2 
3 
4 

Deck concrete 1 
2 
3 
4 

Erect bare steel 
Pour wet concrete deck slab 
Place barrier curbs 
Apply line loads 

8 Actlvlttea 1·4 for deck concrete aame aa those for steel. 

Scaling 
Factor 

0 
0 
0.25 
1 

With the Table 2 factors in mind, behavior of the 
prototype with the following construction stages 
should be considered. 

• Stage 1: Erect bare steel (1961). The steel 
is given a scaling factor of 1, the 9 5/8-in. con
crete deck, o. 

• Stage 2: Pour 9 5/8-in. deck slab (1961), Scal
ing factors are the sa.me as in Stage 1 because con
crete is still noncomposite in all spans for this 
load. 

• Stage 3: Place existing barrier curbs (1961). 
Steel scaling factor is 1, deck concrete is 0. 250 
for long-term load in Span 1 and O in noncomposite 
Spans 2, 3, and 4. 

• Stage 4: Place auxiliary steel flanges in 
Span 3, shear connectors in Spans 2 and 4 (1985). 
The dead loads of these Uanges are carried by the 
steel girders only. Concrete has a scaling factor of 
O. The scaling factor for existing steel is 1, for 
new steel, O, and a separate material must be speci
fied. For all subsequent stages, the auxiliary flange 
steel will be characterized by a scaling factor of 
l; however, the new and existing steel flanges 
will be working at different stress levels, the ex
isting flanges exhibiting stresses caused by loads 

S:121. 

'-i121. 

3121 . 

:a121. 

I 121 . 

121. 
121.121 121.1 121.:a 
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of original components, the new flanges, those of 
components removed or added in subsequent stages. 

• stage 5: Remove 2 in. of deck and existing 
barrier curbs. Span 1 is now acting compositely with 
a 7 5/8-in. slab, and loadings are really short
term, and concrete scaling factors are somewhat 
questionable. In Spans 2, 3, and 4, the concrete 
deck is noncompos i te, the scaling factor for con
crete, o. 

• Stage 61 Add 6 3/8 in. of concrete deck in 
Span 1. In Span 1, the existing 7 5/8-in. deck is 
acting compositely to support dead load of the addi
tional 6 3/8 in. of wet, strengthless concrete, 
Loading is long term and a scaling factor of 0. 250 
should logically be used for the 7 5/8-in. layer and 
O for the 6 3/8-in. layer. There are now two layers 
of concrete in the deck acting at different stress 
levels, the upper essentially unstressed and the 
lower stressed as a result of dead load of preexist
ing components plus the new layer. Actually, as a 
result of shrinkage, the upper layer will in time 
develop tensile stresses in itself, and the lower 
steel flanges will develop compressive stresses in 
the existing concrete layer and upper steel flanges. 

• Stage 7: Add 6 3/8 in. of wet concrete to 
Spans 2, 3 1 and 4. Neither the 7 5/8-in. nor 6 
3/8-in. layers of concrete acts compositely at this 
time; concrete scaling factor is O, steel factor is 
1, and the dead load of conc,rete is carried only by 
the steel girders. 

• Stage 8 1 Place new barrier curbs. This load
ing is long term. All spans now have a 14-in. deck 
but Span 3 remains noncomposite with a scaling fac
tor of O. Concrete in Spans 1, 2, and 4 is composite 
with a scaling factor of 0.250. 

• Stage 9: Apply live loads. These are short
term loadings. Deck concrete in Spans 1, 2, and 4 
has a scaling factor of 1, and in noncomposite Span 
3 a scaling factor of O. 

Output CORVBRG stresses for the critically loaded 
girders in Spans 1, 2, and 3 are plotted in Figures 
4, 5, and 6. Except in Span 1, these stresses are 
produced in exterior girders under influence of ec-
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FIGURE 4 CURVBRG streeses Yuba Pass Overhead-Span 1. 
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FIGURE 5 CURVBRG stresses Yuba Pass Overhead-Span 2 (suspended section). 
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FIGURE 6 CURVBRG stresses Yuba Pass Overhead-Span 3 and cantilevers. 

centrically placed P-series trucks, with H-series 
trucks in the adjacent lane, under which conditions 
total stresses from factored loads would be less 
than the 33-ksi yield stress in Spans l and 2 and at 
Bent 3. Stresses exceeding yield will occur at top 
flange cutoff points in Span 3. 

FINPLA Analysis 

The second phase of analysis utilized the finite 
e l ement program, FINPLA, the primary use of which 

was to determine local effects of dead and live 
loads and general effects of posttensioning forces 
in the form of differential displacements at bound
aries of blocks containing posttensioning brackets. 

Loadings were of three types: 

l. Dead loads of plate elements were expressed 
as regular surface loads (P/Plate area), which are 
calculated easily as products of plate thicknesses 
and material densities. 

2. Loads of barrier curbs, longitudinal stiffen
ers, and other loads distributed longitudinally were 
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treated as distributed line loads, in kips per inch, 
acting at appropriate nodal joints between desig
nated sections. 

3. Loads of transverse stiffeners, wheel reac
tions, and so on, were treated as concentrated nodal 
joint loads, which, in the program, are entered as 
distributed line loads with the same beginning and 
end sections. 

STROOL Analysis 

The total posttensioning force was divided equally 
among the bolts and applied as uniform pressures 
acting on faces of elements adjacent to the holes. 

STRUDL output plots for a large bracket in Span 3 
are shown in Figures 7 and 8, the former for major 
principal (maximum tensile) and the latter for minor 
principal (maximum compressive) stresses due to un
factored pres tress forces and factored dead, live, 
and impact loads, respectively. Plots of the large 
bracket for Span 3 demonstrate that localized 
stresses significantly in excess of 33-ksi yield 
stresses are calculated in the vicinity of the 
bolts, some as large as 44 ksi. Major tensile 
stresses are concentrated along the column of bolts 
nearest the bracket edge in a direction opposed to 
that of the post tensioning force, while major com
pressive stresses are concentrated on the opposite 
row of bolts. 

Several factors should be noted in connection 
with these plotted stresses: 

1. No attempt has been made to include effects 
of nonlinear material behavior. Except for the in
fluence of strain hardening, steel cannot be ex
pected to sustain stresses much in excess of yield 
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stress; therefore, the yield stress contour might be 
expected to spread over a broader area than indi
cated by the plots. 

2. Whereas the designer specified the highest 
level of friction bearing between brackets and webs, 
included in this analysis was the tacit assumption 
that the bearing was frictionless and that the post
tensioning force was distributed equally to the 
bolts, with no beneficial effects from clamping. If 
clamping had been assumed to be 100 percent effi
cient in the analysis, it would have been reasonable 
to spread the prestress force over the entire bracket 
depth, almost certainly eliminating the large con
centrations of stress, but not necessarily eliminat
ing widespread yielding along bracket boundaries. 

3. Plots included here are for the most critical 
combinations of loadings, with live loading included, 
and are, therefore, not necessarily the most criti
cal without live loading in all cases. Therefore, 
the girder analyzed in all cases has been that with 
maximum tensile stresses due to dead, live, and im
pact loadings. Tensile stresses on the un-prestressed 
end of the bracket should be the largest that can be 
expected in any girder, but compressive stresses at 
the other end of the bracket would be less than 
those if live loads were not included. 

Po t ential Design Revisions in Span 3 

CURVBRG results indicate need f or posttens i oning 
only in Span 3, where calculated posttensioning 
force required to bring CURVBRG calculated over
stress within the yield stress of the web steel is 
398 kips, significantly less than the 693-kip value 
indicated by the AASHTO load distr i bution specif i ca
tions. 

H = 30.8 ksi , l = 35 .2 ksi , J = 39.6 ksi 
FIGURE 7 Major principal stress. 

Contour Interval = 4.4 ksi 
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H =·23.8 ksi, I =·27.2 ksi , J =-30.6 ksi 

FIGURE 8 Minor principal stre&s. 

Contour Interval = 3.4 ksi 

SUMMARY AND CONCLUSIONS 

Theoretical analyses (~) were made of the Yuba Pass 
overhead and separation, an existing plate girder 
and concrete deck structure, to assess need for 
posttensioning girder webs as recommended by the 
Cal trans' Office of Structures and Design, in con
junction with other rehabilitation for recent 
Caltrans live-load revisions and to remedy a deteri
orated deck. Three main programs were used in the 
analyses, two of which (CURVBRG and FINPLA) emanated 
from the Caltrans research project Analysis, Design 
and Behavior of Highway Bridges (9). 

CURVBRG, a grillage analysis developed for curved 
(or straight) plate girder bridges was used to 

1. Assess maximum stresses resulting from com
plex construction phases from initial construction 
through repair phases exclusive of posttensioning; 

2. Determine design vehicle types and locations 
for production of maximum stresses due to live load; 
and 

3. Compute boundary (hinge) displacements or re
actions, as required, for input to the second pro
gram, FINPLA. 

FINPLA, a program previously used in analyses of 
cellular, folded plate structures, was used to pro
duce relatively coarse finite-element analyses of 
the structure for dead, posttensioning, and critical 
live loadings to assess displacement fields at bound
aries of small, substructured areas surrounding post
tensioning brackets. 

Substructured bracket areas were finally subdi
vided into fin·i te-element meshes and analyzed by a 
third program, STRUDL, in three phases to assess 
principal local web stresses resulting from 

1. Application of posttensioning forces with 
zero boundary displacements; 

2. FINPLA output displacements at mesh bound
aries due to dead, live, impact, and posttensioning 
forces; and 

3. Combined posttensioning forces and boundary 
displacements. 

CURVBRG analyses indicated subyield web stresses 
in Spans 1, 2, and 4, and at Bent 3 for factored 
load conditions without posttensioning. Stresses 
somewhat in excess of yield were computed at flange 
cutoff points in Span 3; however, the required post
tensioning force was about one-half of that indi
cated by the use of AASHTO live-load distribution 
specifications in Caltrans' Office of Structures and 
Design. 

The STRUDL finite-element analyses indicated lo
calized stresses as high as 44 ksi (yield stress, 33 
ksi) in the vicinities of bolts affixing brackets to 
webs. 

RECOMMENDATIONS FOR IMPLEMENTATION 

The authors recommended that all Caltrans designs 
for new structures or rehabilitation of existing 
structures that employ steel girders be reviewed 
with CURVBRG, with due consideration for all phases 
of construction to determine stresses, especially 
those resulting from partial-width live loads (e.g., 
Permit-series or combined P- and H-series loadings), 
for which AASHTO load distribution criteria may be 
highly conservative. Significant savings may be 
realized in new designs, and expensive rehabilita
tion of existing structures may be avoided by use of 
the program. 
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Use of CURVBRG in an analysis with complex con
struction procedures is illustrated and methods used 
to determine principal local web stresses are demon
strated. However, before future, extensive analyses 
are performed, the establishment of guidelines per
tinent to stresses that will be considered excessive 
is recommended. 
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