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Project Design 

Planned Facilities 
for Combined Sewer 
Overflows: 
Boston Metropolitan 
Area 

Facilities to reduce the volume 
of combined sewer overflows 
into Boston Harbor include a 
deep tunnel storage system, 
a near surface storage facility 
and new storm sewers. 

GENESUHR 

Responsibility for correcting the aes
thetic and water quality problems 
caused by the discharge of sewage 

from combined sewer overflows (CSOs) in the 
Boston metropolitan area is vested in the Mas
sachusetts Water Resources Authority (MWRA). 
Created in 1984, the MWRA is a regional water 
and sewerage authority that provides whole
sale water and sewer services to the Boston 
area. Its responsibilities previously belonged to 
the Metropolitan District Commission (MDC). 

Combined sewers are present in four com
munities in the Boston metropolitan area: Bos
ton, Cambridge, Chelsea and Somerville. Sew
age outfalls that discharge CSOs are present in 
these communities' systems as well as in the 
MWRA system of major interceptor sewers. 
Although the MWRA does not own or operate 
the individual community sewer systems in its 
service area, it was asked by the federal Envi
ronmental Protection Agency (EPA) to take "re
sponsibility" for controlling all CSOs within its 
service area. Because the problem of pollution 
from the CSOs had to be addressed as part of 
the general effort to revitalize the water quality 
of Boston Harbor, the MWRA agreed to the 
EPA's request. 

After agreeing to take responsibility for 
CSOs, the MWRAimmediately initiated a facil
ities planning effort to identify strategies to 
achieve CSO control. This planning effort was 
conducted by a team of consulting engineers. 
The plan was completed in September 1990 and 
was stibsequently approved and adopted. 
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FIGURE 2. CSO area by basin. 

Taken together, about 12,355 acres (almost 20 
square miles) in the Boston area are served by 
combined sewers. These areas are almost en
tirely tributary to five different receiving water 
bodies or basins. The areas served by combined 
sewers and the locations of existing combined 
sewer outfalls are shown in Figure 1. The dis-

Neponset Estuary 
39 

Alewife/Mystic River Basin 

Dorchester Bay Basin 

Inner Harbor Basin 

Lower Charles River Basin 

tribution of the area served by combined sew
ers according to the receiving basin is depicted 
in Figure 2. 

Prior to about 1989, CSOs comprised an an
nual volume of 12,203 million gallons (mg). The 
distribution among the various basins is shown 
in Figure 3. The total volume discharged from 
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FIGURE 3. Annual CSO volume by basin before 1989. 
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FIGURE 4. Annual CSO volume by basin after headworks improvements. 

approximately 85 outfalls. On average, there 
were discharge events from one or more of 
these outfalls 70 to 80 times per year, or almost 
every time it rained. When improvements to 
system headworks and pumping facilities are 
completed as part of the Boston Harbor clean
up plan (a phase that is now largely finished), 
annual CSO volume will decrease more than 50 
percent to about 5,220 mg. That new distribu
tion by basin is shown in Figure 4. With an 
annual sewage volume from the same tributary 
sewer system of over 100 billion gallons, the 
approximately 5 billion gallons of CSO repre-

illll Sewage Volume 

~ CSO Volume 

FIGURE 5. Annual sewage versus CSO vol
ume after headworks improvements. 
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sents slightly less than 5 percent of the total 
volume (see Figure 5). The five largest CSO 
discharges that will remain after these head
works improvements are: 

• Fens Gatehouse-1,630 mg/yr 
• Prison Point-1,152 mg/yr 
• Fort Point Channel-399 mg/yr 
•. Cottage Farm - 293 mg/yr 
• Earhart Dam - 231 mg/yr 

These five largest CSOs comprise about 71 per
cent (3,705 mg/yr) of the total overflows that 
will remain after the completion of head works 
improvements. By contrast, after the CSO con
trol facilities that are currently being contem
plated for construction are completed, 1 annual 
CSOs will be decreased to about 876 mg. This 
distribution by basin is shown in Figure 6. 

Facilities Planning for CSO Control 
The CSO facility planning effort followed on 
the heels of earlier work that had defined the 
location, type of treatment and capacity of sec
ondary treatment to be provided as part of the 
Boston Harbor clean-up effort.2 As a result, the 
CSO planning proceeded in accordance with 
certain predetermined conditions. 

Since the secondary treatment facility now 



Neponset Estuary 

Alewife/Mystic River Basin 2 

Dorchester Bay Basin 

Inner Harbor Basin 

Lower Charles River Basin 

0 50 100 150 200 250 300 350 400 450 

FIGURE 6. Annual CSO volume by basin after CSO facilities plan improvements. 

under construction at Deer Island is designed 
to provide for the total capacity of its influent 
system, the CSO control stratagems should 
make full use of the capacity of that system 
prior to adding other control measures in order 
to alleviate any CSO that exceeds the intercept 
capacity. 

In addition, the planning was conducted 
over a period of time during which the Massa
chusetts Department of Environmental Protec
tion (DEP) was in the process of revising water 
quality standards and policies governing CSO 
control. Although standards and policies 
changed during the course of the planning ef
fort, there was close and continuous coordina
tion between the MWRA, the planning team, 
the DEP and the EPA. This cooperation ensured 
that the recommended CSO control plan was 
able to accommodate this "moving target." 

In addition to recommending a series of 
largely non-structural actions termed "Best 
Management Practices," the planning team an
alyzed a large number of structural techniques 
for CSO control. These methods of controlling 
CSOs structurally consisted of: 

• Sewer Separation: constructing new san
itary sewers and new storm drains. 

• Storage: providing in-system, shallow 

off-line and deep off-line storage systems. 
• Separate Treatment: implementing grav

ity separation treatment with disinfec
tion, or vortex separation with disinfec
tion. 

• Stormwater Control: using roof storage, 
porous pavement, sumps and diversion. 

• Miscellaneous Techniques: including 
flow slippage, bladders, polymer injec
tion and source control via street sweep
ing and/ or flushing. 

The facility plan report contains a recom
mended CSO control plan for the entire com
bined sewer area. The facility plan recommen
dations for the basin areas are: 

• Upper Charles River Basin - in-system 
• Lower Charles River Basin-deep tunnel 
• Inner Harbor Basin - deep tunnel 
• Dorchester Bay Basin - deep tunnel 
• Alewife/Mystic River Basin - off-line 

storage 
• Neponset Estuary Basin - new storm 

drains 

The plan proposes a deep tunnel storage sys
tem to serve the largest basins in the combined 
sewer area, and a near surface storage facility 
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FIGURE 7. The location of the recommended CSO facilities. 

for Alewife Brook. In the Neponset River 
Basin, the volume of storm water reaching 
combined sewers is relatively small, and a 
small number of new storm sewers were found 
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to have the capability to reduce the volume of 
CSO discharge sufficiently to comply with the 
regulations. The locations for these recom
mended facilities are shown in Figure 7. 
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The level of CSO control that can be antici
pated as a result of the recommended CSO 
control plan is illustrated in Figures 8 to 11. 
Figure 8 depicts the average number of annual 
CSO events during the time prior to 1989. Fig
ure 9 illustrates the improvement that could be 
attained by making the headworks im-
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Dorchester Bay Basin 

provements. 
In all basins, the annual number of CSO 

events is projected to be less than four after 
completion of the recommended CSO control 
plan. In addition to reducing the annual num
ber of CSO events (after headworks improve
ments) from as many as 68 to less than four per 
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FIGURE 9. Annual overflow events by basin taking into account headworks improvements. 

CIVIL ENGINEERING PRACTICE FALL 1992 11 



Neponset Estuary 

Alewife/Mystic River Basin 

Dorchester Bay Basin 

Inner Harbor Basin 

Lower Charles River Basin 

Upper Charles River Basin 

z 
C 
3 
O" 
!); 

~ 
n 
V'l 

0 
m 
n3 
:, 
vi 

0 2 4 6 8 10 12 14 16 

FIGURE 10. Summer overflow events by basin: top bar value for headworks improvements 
only; bottom bar value for CSO facilities plan construction. 

year, the recommended facilities would even 
more drastically reduce overflow events dur
ing the summer recreation season. This reduc
tion can be seen in Figure 10, which compares 
summer overflow occurrences without the con
struction of storage facilities ( only head works 
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improvements is shown by the top bar value) 
and with the CSO facility plan construction 
recommendations (lower bar value). Figure 11 
shows the volume of annual CSO that would 
remain to be discharged to the various basins 
after the planned construction is completed. 
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FIGURE 11. Annual CSO overflow volume by basin after planned construction. 
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Deep Tunnel Storage System 

The proposed deep tunnel storage system 
would serve most of the combined sewer area, 
linking Boston's Inner Harbor, the Lower 
Charles River Basin and Dorchester Bay with a 
shared storage tunnel. During storm events, 
diversion structures would redirect combined 
flows into consolidation conduits for transport 
to drop shafts that would introduce the flow 
into the tunnel system. After a storm ends, 
based on available treatment capacity, two 
pump stations would pump the stored flows to 
the two existing MWRA headworks facilities 
that, in tum, would direct it to the Deer Island 
Wastewater Treatment Facility. 

The proposed storage system has a capacity 
of 315 mg. Surface facilities and drop shafts add 
27 mg, making the total available storage in the 
tunnel system 342 mg. The storage tunnels 
have a total length of 85,730 feet (16.2 miles), 
consistmg of 69,480 feet (13.2 miles) of main 
storage tunnel and 16,250 feet (3.1 miles) of 
connecting tunnels. All tunnels have a finished 
diameter of 25 feet. This diameter is dictated by 
the geologic conditions governing the project 
area, which mandate a maximum economical 
bore of 27 feet in the type of rock that is ex
pected to be encountered. Tunnel depth is an
ticipated to range from 390 to 425 feet below 
mean sea level. This depth is dictated by the 
elevation of bedrock in the area, a minimum 
tunnel slope of 0.1 percent (1 foot per thousand 
feet), and the design criterion that there be a 
minimum of four tunnel diameters of undis
turbed bedrock above the tunnel crown. Exca
vation is expected to be accomplished largely 
by tunnel boring machine; however, some drill
and-blast mining is anticipated. 

Pump stations · are located so that over 93 
percent of the entire tunnel volume could be 
drained by either pump station. Thus, even if 
one of the two pump-out stations were to be 
inoperable for a significant period of time, the 
tunnel could still be dewatered. A wedge of 
stored volume would remain in the tunnel 
branch leading to the inoperable pump-out sta
tion. The pump-out stations, consisting of three 
nominal 50 million gallons per day (mgd) 
pump units, would provide a maximum capac
ity of 150 mgd. 

Flow enters the tunnel system via vertical 
shaftsreferred to as drop shafts. Vortexing drop 
shafts would be utilized in all but two locations. 
They are preferred· because hydraulic studies 
reveal that they dissipate energy more effec
tively, entrain less air and cause far less strip
ping of volatile organic carbon than direct 
plunge shafts. These features become increas
ingly important as the depth of drop shaft in
creases. The terminal velocity of water falling 
400 feet directly downward would be greater 
than 160 feet per second, possessing substantial 
kinetic energy. When this energy is released on 
sudden deceleration, the water could severely 
erode the splash zone and release significant 
quantities of volatile compounds. In contrast, a 
vortexing drop shaft introduces flow into the 
drop shaft in a tangential manner. This design 
feature causes the flow to adhere to the shaft 
circumference and swirl downward in a spiral 
fashion, losing energy to surface friction and 
promoting a gentle entrance into the drop pool 
beneath the shaft's lower end. 

Water Quality Benefits 
One of the more interesting facets of the facility 
planning effort was determining the degree of 
CSO control needed in order to conform to 
Massachusetts DEP water quality standards 
and CSO control policy. Near the end of the 
planning period, the DEP proposed upgrading 
both the Charles River and the Inner Harbor 
water quality designations from Classes B and 
SB to higher Classes A and SA, respectively. In 
doing so, the DEP proposed that these waters 
need not meet the high standards for dass A 
waters continuously, but rather that a very lim
ited number of quality excursions to a lesser 
quality could be permitted annually. This water 
quality policy was termed a "partial use" des
ignation. Initially, the DEP suggested that 
under this partial use policy, perhaps about 
four excursions could be permitted annually. 
Using a combination of mathematical models 
that generated overflow volume and water 
quality impacts generated by varying storage 
capacity and that linked storage capacity to 
cost, the facility planning team was able to 
demonstrate the impacts on cost and water 
quality associated with varying numbers of 
CSO events per year. 
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FIGURE 12. Deep tunnel system performance (in terms of volume) versus CSO event reduc
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Figure 12 demonstrates the relationship be
tween storage tunnel performance and tunnel 
volume for each of the three basins served in 
terms of CSO event reduction, by basin, as a 
function of overall tunnel volume. Note that in 
the range of about 14 through six overflow 
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events per year, the relationship to tunnel vol
ume is nearly linear. However, once overflows 
are reduced to about four per year, each suc
ceeding reduction requires greatly increased 
tunnel volume. 

In Figure 13, the element of capital cost is 
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FIGURE 13. Capital cost versus CSO event reduction. 
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FIGURE 14. The marginal capital cost of CSO event reduction. 

added to the information in the previous figure. 
Figure 13 portrays the capital cost of the system 
as a function of CSO event reduction. In the 
case of this figure, the number of events plotted 
corresponds to the maximum number of over
flows expected in any basin (generally, the 
Inner Harbor Basin). 

Figure 14 presents the curve that represents 
the first differential of the information plotted 
on Figure 13. It shows the rate of change of the 
slope of the cost curve and, therefore, portrays 
the incremental or marginal cost that would be 
incurred as a function of each succeeding event 
reduction. This marginal cost information indi
cates that in the range of event reduction be
tween 14 and about ten per year, the cost for 
each event reduction is about the same as for 
the previous step. Beyond that point, each in
cremental reduction in the number of events 
incurs an ever increasing capital cost. The re
sults clearly indicate that it would not be cost 
effective to provide storage capacity sufficient 
to reduce overflow events beyond the four per 
year level called for by the DEP. This marginal 
cost analysis was an important factor utilized 
by the DEP in obtaining EPA approval for their 
partial use standard. 

Another interesting facet of the planning is 

that implementation of the deep tunnel could 
optimize water quality benefits that are associ
ated with CSO control. This optimization is 
possible by prioritizing the availability of stor
age capacity for those discharges that most ad
versely affect recreational water use. 

The recommended CSO control plan in
cludes an operating plan that prioritizes the 
storage availability for the Charles River Basin 
(heavily used for water-dependent recreational 
activities) and Dorchester Bay (the location of 
most of Boston's salt water bathing beaches). 
Reservation of tunnel storage capacity for these 
water bodies can be accomplished by closing 
drop shafts serving the Inner Harbor area prior 
to the time that the tunnel is actually full, thus 
effectively reserving remaining volume that 
could be used to store added flow from the 
more critical water use areas. Through utilizing 
computer simulation, it was determined that 
the optimal closure ( of Inner Harbor drop 
shafts) would occur when the overall tunnel 
system was about 80 percent filled. 

Summary 
The proposed CSO control facilities were de
vised based on planning-level engineering 
studies and the use of extensive water quality 
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monitoring and mathematical modeling. Al
though improvements other than CSO control 
have been incorporated into the models and 
other analytic tools used in the planning work, 
additional refinements and water quality infor
mation will necessitate some changes in the 
overall program for CSO control. It appears 
likely that the modeling activity has over
predicted the volume of overflow for some of 
the existing overflow points, particularly the 
Inner Harbor, and has possibly underpredicted . 
volume for at least one outfall in the Lower 
Charles River Basin. The MWRA is currently 
pursuing a flow monitoring study that meshes 
tidal schedules with the stormwater model. 
This type of study would more closely approx
imate how the overall system would behave, 
thus optimizing the size and location of the 
tunnel system. 

Estimated costs for the recommended CSO 
plan are $1,223 million. Estimated annual oper
ation and maintenance costs of new facilities t.o 
be constructed under the plan are $3.03 million. 
·Estimated annual operation and maintenance 
costs of existing CSO facilities kept in use are 
$0.2 million. 
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Design Overview 

The Feasibility of Real 
Time Control of Combined 
Sewer Overflows 

The benefits of implementing 
real time control of an urban 
drainage system may offset 
problems in project funding, 
inter-agency cooperation and 
liability considerations. 

WOLFGANG SCHILLING 

Urban drainage systems (UDSs) are 
often plagued with pollution prob
lems due to flooding and combined 

sewer overflows (CSOs). The agencies respon
sible for these systems have become hard
pressed to come up with solutions to these 
problems. These agencies are also under public 
constraints to implement these solutions with 
the lowest possible cost, and to maximize other 
potential benefits that can be applied to other 
problems such as reducing energy costs and 
improving wastewater treatment and in-sewer 
sediment control. Real time UDS control offers 
one way to reduce flooding and pollution prob
lems with relatively little investment cost. 

What Is Real Time Control? 
An UDS is controlled in real time if the process 

data that are currently monitored in the system 
are used to operate regulators during the actual 
flow process. Typically, the task is to activate a 
number of pumps, sluice gates, weirs, etc., so 
that adverse effects (e.g., flooding, CSOs) only 
occur if the system is at capacity and only at 
locations that result in the least damage. In 
static systems, these conditions can only be 
achieved in the rare case where the UDS is 
receiving its design load. If, for example, the 
outflow of a detention pond is controlled by an 
orifice, the optimal outflow rate is reached when 
the pond is full. During other periods, the outflow 
rate is smaller and, consequently, the emptying 
time is longer. As another ~xample, a (static) 
high-side weir can be used to activate excess 
storage in a large sewer system. The overflow 
opening has to be large enough to allow for the 
design overflow rate. Thus, much of the avail
able storage cannot be used in most situations. 

Operational concepts of real time control 
systems (RTCSs) are concerned with the logical 
ways process information is used. Since static 
system deficiencies are well known, moveable 
(self-operating) regulators have been intro
duced to maintain a pre-set flow or water level. 
Many of these moveable regulators use process 
measurements taken directly at the regulator 
site (e.g., float, counterweight, etc.). Therefore, 
such a system is termed a local control system. 
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Under local control, regulators are not remotely 
manipulated from a control center. In some 
situations, operational data are centrally ac
quired, but the regulators remain under local 
control. This type of configuration eases system 
supervision. 

Local control is a good solution if the system 
has only one regulator (e.g., an inflow equaliza
tion tank at a treatment plant). However, if 
several regulators operate independently, it 
might happen that, for example, an upstream 
pond empties into a downstream pond that is 
already overflowing. In that case, better op
eration is possible if the flow in both ponds is 
regulated in concert. This type of coordination 
can only be performed by taking process mea
surements further upstream, or downstream, 
of the regulator site (regional control). 

When an RTCS is more complex and all of 
the regulators are operated in coordination, the 
system is managed under global control. In this 
case, all regulators are operated based on the 
data obtained from process measurements 
throughout the system. Global control in drain
age systems is required when: 

• Many regulators affect each other; or, 
• The actual loading differs substantially 

from the design loading (e.g., when rain
fall is temporally and spatially variable). 

In older global RTCSs, measurements are 
displayed on analog meters or strip charts lo
cated in a control center. The regulators are 
actuated manually with switches by operators. 
Since only limited information is available, op
erators need a very keen understanding of the 
dynamics of the control and drainage systems. 
In a global, or supervisory, control system, the 
regulators are adjusted by automatic control
lers, but the operating personnel perform the 
system-wide coordination. A modern supervi
sory RTCS can be interactively supported by a 
simulator that permits modeling the control 
effects before they are executed. In addition, 
control situations can be evaluated against a 
database of previous control decisions, flow 
conditions and their results. In a fully automatic 
RTCS, all functions are carried out by a process 
computer so that operating personnel perform 
solely supervisory functions. 
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Feasibility Criteria 

Real time control is operationally feasible when 
the following conditions are present: 

• A deviation between the actual and the 
desired performance of a system occurs. 

• A variety of these deviations exist, de
pending on the actual state and loading of 
the system. 

• The means are available to manipulate the 
process to achieve better performance. 

Operational problems must exist within the 
system. These problems must vary in type, time 
and space. In addition, unused storage and/ or 
transport capacity must be available within the 
system. 

Real Time Feasibility Criteria for Urban Drain
age and Wastewater Systems. Before real time 
control application in an UDS can be consid
ered in detail, the general criteria above have to 
be checked. The following criteria specific to an 
UDS might apply: 

1. Quantity. Toofrequentfloodinginsome 
sub-catchments is usually alleviated by new 
and larger conduits or storage. A real time 
control alternative might be to temporally 
divert flows via upstream CSO regulators or 
to route flows through less loaded parts of 
the system, ensuring that all accessible stor
age is filled. 

2. Quality. Hydraulic overloading situa
tions might exist where wastewater is dis
charged into receiving waters because the 
treatment plant is at capacity. Overdesigned 
sewers might be fitted with moveable regu
lators to create in-line storage. If the treat
ment plant's final clarifier is sensitive to ex
tended stormwater loading, the CSO 
regulators might be controlled as a function 
of the level of the clarifier sludge blanket. If 
CSOs occur into receiving waters that have 
different sensitivities to the harmful effects 
of the CSOs, they might be controlled to 
discharge mainly into the waters that are the 
least sensitive, thus minimizing damage to 
the environment. CSO sites might also be 
selected to minimize the escape of sanitary 
sewage, if that flow can be monitored 



and/ or predicted. If a combined sewer sys
tem is used as a pipeline for sanitary flows 
from an upstream separate system, sanitary 
sewage tanks might be filled and emptied so 
that the sanitary sewage will not escape via 
the downstream CSO. 

3. Layout. Typically, real time control ben
efits increase with the number of controlla
ble elements (ponds, overflows, diversions, 
pumping stations, etc.), the size of the catch
ment area and the extent to which the net
work is looped. 

4. Investment Cost. Real time control re
duces the capacity (i.e., transport, storage) 
needed to achieve a given performance level. 
On the local level, tank volume can be reduced 
by using a moveable throttle. On the global 
level, the coordination of storage/ transport 
activation maximizes system effectiveness. 

5. Operation & Maintenance (O&M) Cost. 
Special structures (throttles, weirs, pumping 
stations, screens, flushers, etc.) require O&M 
on a regular schedule. In topographically 
large systems, the effort (time, personnel) 
might be so high that some type of remote 
supervision and maintenance might be cost
beneficial. In low gradient areas, storm water 
has to be pumped. Real time control can be 
used to postpone pumping and thereby 
avoid peak rate charges for pumping power. 

6. Legal. An operating agency might be 
required to report on the performance of its 
UDS - the number, duration and volume of 
its CSOs. This obligation would at least re
quire a datalogging system. If that system 
were centralized into a data acquisition sys
tem, it would serve as the first step to devel
oping the data processing system necessary 
for real time control. 

Except for the completely over- and un
derdesigned systems, almost every existing 
UDS can benefit from real time control. How
ever, most RTCSs are implemented in com
bined sewer systems because they serve multi
ple purposes, undergo non-homogeneous 
loading and exhibit large discrepancies be
tween their planned and actual performance. 

Performance Monitoring & Screening Models. 
As soon as an UDS is synchronously monitored 
at strategic locations (such as hydraulic bottle-

necks, major CSOs and ponds), system perfor
mance may be analyzed. Measured flow rates 
and levels arranged as hydrographs (e.g., pond 
level versus time, overflow rate versus time) are 
needed. Only in extreme circumstances when 
capacity limits are reached simultaneously will 
operational problems occur at different locations 
and the value of real time control be nullified. 

Extensive monitoring systems are expensive 
to install and operate. In the feasibility stage, it 
is therefore essential to use numerical simula
tion programs to analyze the potential perfor
mance of the UDS. However, most available 
programs do not accommodate real time func
tions; i.e., they are not formulated as state-space 
models and do not interrupt the simulations to 
receive new information on controller set
points, regulator movement, etc., as would 
occur during real time operation. 

Planning and Design of 
Real Time Control Systems 
The preliminary analysis of an UDS should: 

• Define the operational objectives of the UDS 
(e.g., minimize flooding and CSOs, etc.). 

• Identify principal UDS features, provid
ing a means to note system "hot spots" 
(e.g., hydraulic bottlenecks, CSO sites, 
regulator stations, etc.). 

• Evaluate the potential for real time con
trol through simulation or monitoring. 
Does idle capacity exist in the system dur
ing times of potential damage? 

Real time control feasibility analysis should 
follow these stages: 

• Determine the current performance of the 
UDS. Analyze historic events during 
which damage was observed and/ or de
termine the statistics of damages through 
long-term simulation. 

• Select locally controlled regulators and 
determine the performance of a locally 
controlled UDS. Can current capacity be 
better utilized? 

• Optimize the control strategy and deter
mine the maximum performance of the 
UDS under global control. How much 
improvement is made in reaching opera-
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tional objectives compared to local control? 
• Compare UDS performance against con

ventional (static) solutions (e.g., larger 
sewers and tanks). 

• Evaluate the cost effectiveness of all alter
natives and choose the most cost-effective 
alternative. 

Planning for RTCS design and implementa
tion should develop: 

• A control strategy that includes a sensitiv
ity analysis and fail-safe precautions. 

• An automation implementation survey 
that includes the requirements for infor
mation processing, presentation func- ' 
tions, operator functions, communica
tions system, hardware specifications, etc. 

• Software for system application, user in
terfaces and control. 

• Detailed models of hydraulics, controller 
behavior, pollution discharges, etc. 

• Factory and site acceptance tests. 
• Personnel planning (education require

ments, training, maintenance, etc.). 
• A preliminary version of the system's op

erations manual. 

Equipment & Hardware Requirements. Every 
RTCS has at least one control loop consisting of: 

• A sensor ( e.g., water level gage) that mon
itors the ongoing process. 

• A regulator (e.g., pump, gate) that manip
ulates the process. 

• A controller that activates the regulator in 
order to bring the process to its desired 
value (set point). 

• A data transmission device that carries the 
measured data from the sensor to the con
troller and the signals of the controller 
back to the regulator. 

From the large variety of available sensors, 
very few fulfill the requirements for real time 
control in an UDS. The requirement for contin
uous recording and remote data transmission 
(monitoring) is indispensible. The following 
sensors are widely applied: 

• Rain gages (weight, tipping bucket, 
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drop counting and radar principles) 
• Water level gages (bubbler, air pressure, 

water pressure and sonic principles) 
• Flow gages (level-to-flow conversion, ul

trasound velocity measurement, 
electromagnetic induction) 

• Limit switches (mercury float, diaphragm) 

Rainfall intensity data can be used to provide 
short-term runoff forecasts. The forecasting ho
rizon can be extended if rainfall forecasts are 
included (particularly using radar technology). 

Level measurements are the backbone of 
every monitoring system. They are indis
pensable to determine the status of storage fa
cilities or to convert level to flow rates at large 
sewers, overflow weirs, flumes, gates, etc. 
Water quality sensors play only a very minor 
role in the real time control of an UDS because 
the technology is lacking. 

Sewer flow regulators include radial pumps 
(constant or variable speed) and screw pumps. 
Perpendicular, side-spill or leaping weirs are 
used to create storage in ponds or sewers. Self
operating weirs use a counter-weight or the 
buoyancy of an air tank to adjust crest height. 
An air-regulated siphon functions as a weir or 
a siphon depending on the air supply at its 
crest. Inflatable dams are broad-crested weirs 
that are used to activate storage in large trunk 
sewers. Gates - sluice, radial or sliding - are 
movable plates that constrict the flow in a 
sewer or in the outlet structure of a tank. Valves, 
such as plug, knife or butterfly valves, are de
vices within a pipe to throttle flows. A vortex 
valve rotates fluids, building an increasing re
sistance with increasing flow rate. It features 
neither external power supply nor moving 
parts. Other regulators include air-regulated 
inverted siphons, movable tide (backwater) 
gates and flow diversions that separate incom
ing flow into two outgoing paths. 

Flow or water level regulators in UDSs are 
often very large and custom designed. How
ever, some basic design principles are common 
to all successful devices: 

• Regulators are designed to be fail-safe so 
that the malfunction of any vital parts 
results in an acceptable functional decline 
of the system. For example, sluice gates 



should have by-passes, and weirs should 
move into a safe position in case of a 
power failure. 

• All components exposed to sewage and 
the sewer atmosphere are drastically sim
plified and corrosion resistant. Preferable 
construction material is stainless steel. 

• Sensitive parts are located in an appropri
ate environment. For example, hydraulic 
and electric machinery are housed in a 
dehumidified vault, and programmable 
logic controllers and telemetry equip
ment are kept in a dehumidified and 
heated vault. 

• All parts of a regulator station (including 
gates, sensors and motors) are accessible, 
maintainable and exchangeable. 

• The regulators are set up so that their vital 
functions can be remotely supervised 
from the control center. 

A data transmission system is necessary for 
a centralized RTCS. For very short distances, 
the transmission system can be analog (pneu
matic, hydraulic or electric current). If the sig
nals are converted to modulated voltage fre
quency, transmission distances can be 
increased. However, digital data transmission 
is increasingly applied, especially when trans
mission distances are great. Digital data is suit
able for computer use without conversion, of
fers greater transmission reliability (against 
noise) than analog transmission and enables 
higher information transmission rates. 

Transmission can be accomplished by wire 
or wireless. However, in many European coun
tries, wireless transmission is restricted to mo
bile transceiver stations. Transmission by wire 
uses either privately owned, leased or dialed 
public telephone lines. Leased lines are mostly 
used to take advantage of the services offered 
by the telephone companies. Dialed lines are 
preferred if continuous data transmission over 
long distances is not required. In these cases, 
the lines are used only for security checks, epi
sodic transfer of stored data or rainfall data 
transmission. 

The required capacities of the data transmis
sion channels depend on the number of data 
points, the scanning frequency and the amount 
of information per scan and data point. Current 

data transmission rates over public telephone 
lines range from 1200 to 9600 bits -per second. 
Typically, a sluice gate regulator station has 
about 10 data points and a pumping station 
about 100 data points. 

With the development of digital computers, 
a number of analog controllers can be replaced 
by a central digital computer. Computer-based 
control permits greater flexibility in controller 
calibration, control loop interconnection and 
set-point adjustment. With the advent of inex
pensive microprocessors in the last few years, 
the vulnerability of such a central system could 
be overcome by implementing a main mini
computer and several local programmable 
logic controllers (PLCs) in the field. The PLC 
controls and coordinates all of the functions of an 
outstation, including acquiring measurement 
data; pre-processing (smoothing, filtering, etc.); 
checking for status, function and limits; storing 
data temporarily; local controls; and transfer
ing data from and to the central station. 

Differences between the PLCs and the cen
tral process computers are incremental. In a 
distributed RTCS, their tasks become more in
terchangeable. However, a number of major 
tasks usually remain for the central computer. 
These tasks include system-wide data acquisi
tion, long-term storage, data management, op
erator interfacing, interactive simulation/ opti
mization (decision support software) and 
automatic execution of control strategies. 

Developing & Analyzing Control Strategies. The 
controllers adjust the regulators to achieve 
minimum deviations from the regulated flow, 
or level, of the set points. A control strategy is 
defined as the time sequence of all regulator set 
points in an RTCS. In almost all RTCSs that 
have multiple control loops, an optimum strat
egy is based on time-varying set points. 

A control strategy must be physically exe
cutable. The flows and levels cannot be greater 
than the physically possible rates (static con
straints). Also, the control strategy has to obey 
the physical laws of water motion in a drainage 
system; it must obey the dynamic constraints of 
continuity and energy balances. The dynamic 
constraint of a storage device is its mass bal
ance; for a conduit, the flow transport function. 

Real time control responds to the loading
storm inflows, pollutant loads, etc. - of the 
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system. Therefore, a loading forecast is essen
tial to making a decision on how to control 
flows. The more up-to-date these forecasts are, 
the better the control strategy can be. Options 
to determine the input of a drainage system are: 

• Flow and level measurements in up
stream sewers; 

• Rain measurements and the application 
of rainfall/ runoff models; and, 

• Rain forecasts. 

If none of this information is available, a local, 
or reactive, control strategy must be applied. 

Since measurements include errors, it is im
portant to check control strategies with respect 
to possible measurement errors or sensor fail
ures. Practically speaking, control strategies 
have to be "cautious" to avoid "surprises." 
These surprises could be unexpected storm 
development or inflows from non-monitored 
tributary sewers, among other things. Control 
strategies are usually based only on measure
ments. However, it might be useful to develop 
the strategy using off-line simulation of the 
drainage process or even to include an on-line 
simulation model to "interpolate" process data 
that cannot be directly measured. 

The description of the flow and pollutant 
routing process in the controllable part of the 
system has to be simplified in order to apply 
standard techniques for the numerical analysis. 
This simplification involves spatial and tem
poral aggregation, and linearization. The ef
fects of these simplifications on the control per
formance in the RTCS have to be investigated 
( sensitivity analysis). 

The most rigorous approach to finding a 
control strategy is by mathematical optimiza
tion, where control performance is evaluated 
on an absolute(" the best") rather than a relative 
("a better") scale. Here, the problem becomes 
the minimization of an objective function that 
is subject to constraints. The objective function 
usually consists of a mixed integer/ continu
ous, non-linear and non-monotone type. Since 
powerful analytical optimization techniques 
are not available for this kind of function, it 
must be further simplified. 

One of the better known simplification tech
niques is linear programming wherein all deci-
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sion variables (state and control variables) ap
pear only in linear form. Once a control prob
lem is formulated as a linear programming 
problem, it can be easily solved with com
mercially available software packages. Other 
optimization techniques are discussed in detail 
in the literature. 

Heuristic methods for reaching a control 
strategy can be directly derived from the ex
perience of the operating personnel. Usually, 
an initial control strategy (for example, the de
fault fixed set-point strategy) is selected. By 
using that strategy for multiple simulation 
runs, it is improved by trial and error. If further 
improvement is impossible, it is assumed that 
an optimum strategy has been found. 

Optimization, or search results, can be trans
lated into decision matrices. Each element of 
the matrix represents the control decision that 
must be executed for a given combination of 
state and loading variables. Decision matrices 
permit very fast on-line execution of control 
strategies. A simplification of decision matrices 
are decision trees, which are composed of a set 
of "if-then-else" statements. 

Controller Behavior Analysis. The control loop 
is the basic element of any RTCS. In a feedback 
loop, control commands are actuated depend
ing on the measured deviation of the controlled 
process from the set point. Unless there is a 
deviation, a feedback controller is not actuated. 
A feedforward controller anticipates the 
immediate future values of these deviations 
using a model of the process. Then, it activates 
controls ahead of time in order to avoid the 
deviations. A feedback/ feedforward controller 
is a combination of the two. 

A standard controller used for continuously 
variable regulator settings is the proportional
integral-derivative (PID) controller. Simplified 
variants of the PID controller are also used -
proportional (P), proportional-integral (PI) and 
proportional-derivative (PD) controllers. The 
controller's signal to the regulator is a function 
of the difference between the measured vari
able and the set point. The proportional gain, 
the reset time and the rate time are the control
ler parameters contained within that function. 
The controller has to be calibrated unless it is 
equipped with an autotuning facility. Calibra
tion can be accomplished via the analysis of the 



underlying differential equations, or through 
real or simulated experiments. Since the con
trolled proces& is usually non-linear (e.g., stor
age as a non-linear function of water level), the 
controller parameters are only valid in the 
vicinity of specified reference points such as 
water levels. For other reference points, other 
sets of parameters have to be found. 

Two-point control is the simplest and most 
frequently applied way of discrete control. It has 
only two positions: on/ off or open/ closed. An 
example is the two-point control of a pump to fill 
a reservoir. The pump switches on at a low level 
and off at a high level. The difference between the 
two switching levels is called the dead band. 

Three-point controllers are typically used for 
such regulators as sluice gates, weirs, etc. In the 
middle position of the controller, the output 
signal is indifferent and in the other positions 
either maximum or minimum. 

Once installed, controller behavior has to be 
tested. The interaction of neighboring control
lers requires involved analyses based on a de
tailed hydrodynamic model that simulates con
troller functions. Full-scale experiments over 
the whole range of control variables have to be 
carried out to ensure that operational malfunc
tions such as overshoot or instability cannot 
occur. During start-up operation, the initially 
selected control parameters can be fine-tuned 
to approach optimum controller behavior. 

Man-Machine Interfaces & Operational Tools. 
Any RTCS that is not operated under fully au
tomatic mode needs a well defined op
erator/ user interface. Historically, this inter
face was composed of analog displays, strip 
chart recorders and control switches using 
relay techniques. Today, active wall panels and 
color computer screens are used to display the 
standard application features. DDS-specific 
simulators are currently under development 
that provide an animated display of the state of 
the UDS, its loading and its dynamic evolution. 

Such · real time control simulators can be 
used to evaluate control strategies before they 
are actually executed. The simulator can be run 
in two ways: on- or off-line. The on-line version 
feeds the process measurements to the simula
tor in order to update the state variables. Once 
off-line, the simulator can be used to train per
sonnel on system operation and to analyze past 

events. The development of these systems re
quires an extensive joint effort of the devel
oping software engineer and the operating per
sonnel in order to guarantee that only the 
necessary information is integrated into the 
systems and displayed. 

Real Time Control System Operation 
On the operations level, an interesting discrep
ancy between the planning/ design stages of a 
project versus its operation/ maintenance be
comes apparent. Whereas design is executed by 
highly trained professional engineers and tech
nicians, actual system operation is usually car
ried out by personnel with little or no technical 
training and who hardly possess the know
ledge of "what it's all about." The lack of ap
propriately trained operating personnel is 
often used as an argument that real time control 
cannot be successfully implemented. Indeed, 
the performance of existing RTCSs is limited 
sometimes by the fact that the operators do 
not understand the purpose, or. design, of the 
system. Successful RTCS operation requires in
tensive communication between all divisions 
and levels of a drainage agency. This manage
ment task is extremely difficult to accomplish, 
especially in large organizations. 

In larger agencies, it seems practically im
possible to imbed real time control planning 
and · operation principles in either the tradi
tional planning or operations divisions. Often, 
it is advisable to create a new operational con
trol division. This division should originate 
from a performance monitoring group that al
ready operates a measurement network, and 
should report directly to management. Thus, 
any resistance to new technologies or instiga
tions of traditional division rivalries can be 
avoided and educated personnel can be hired 
as needed. 

In small agencies, creating a new division is 
not an affordable alternative. In this case, the 
appropriate technologies should be chosen by 
the agency that enables the existing operating 
personnel, usually the treatment plant opera
tors, to run the UDS under real time control. 

Operations Manual. In any RTCS under su
pervisory control, the operating personnel 
have to be advised on how to proceed in every 
possible operational situation from the most 

CIVIL ENGINEERING PRACTICE FALL 1992 23 



routine to the most extreme emergency. Natu
rally, this training should be performed before 
critical situations arise. For example, the oper
ator has to know and understand the opera
tional objectives and their priorities - first 
overflow at x, then at y. Extreme situations such 
as which district to flood first have to be de
cided in advance. Operational advice and pri
orities should reflect a consensus of all in
volved parties - the public, the supervising 
agency's management and staff- and must be 
documented clearly. Without an operations 
manual, operators might be afraid to work with 
the RTCS for fear of being blamed in cases of 
mis-operation. An operations manual that 
clearly spells out what action to take in what 
specific conditions will mitigate this fear. How
ever, since it is next to impossible to foresee all 
possible operational states of the system, the 
operators need to have some freedom to make 
reasonable control decisions for which they ob
viously have to be backed by management. 

Performance Incentives. An RTCS utilizes a 
complete understanding of the UDS processes 
in order to monitor these processes for the 
manipulation of the input data in order to at
tain maximum performance of the existing 
UDS. The information gathered via real time 
control is valuable for the whole operating 
agency, including the traditional planning and 
O&M divisions. It is important that the new 
operational division not be regarded as "big 
brother," but as a producer of documented suc
cesses. These successes should be defined as the 
closest possible match between the envisioned 
and the actual problem solution. Successes and 
failures should be acknowledged by manage
ment or the supervising agency. 

Administrative & 
Institutional Considerations 
Non-technical aspects tend to dominate RTCS 
success or failure, regardless of the UDS or 
RTCS design. The successful operation of anRTCS 
often depends on cost, inter-agency collabora
tion, public regulations and liability factors. 

Costs & Benefits. Relatively few UDSs are 
equipped with an RTCS. A major reason is the 
fact that UDSs are usually financed with grants 
from non-agency sources. These grants fund up 
to 95 percent of the UDS cost and come from 
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such sources as state or federal authorities. 
These sources are not controlled by the operat
ing agency, which is usually city, county or 
regionally based. A key problem to implement
ing an RTCS is that it is common for these 
"external" funding sources to provide no sup
port for actually running the UDS. Conse
quently, UDSs are often planned, designed and 
implemented to incur minimum operational 
costs almost regardless of the investment cost 
(an extreme example is separation of combined 
sewer systems into separate systems). How
ever, real time control is a low investment tech
nology that requires a high degree of opera
tional effort and cost. Therefore, it is penalized 
by the conventional funding mechanism. 

Inter-Agency Collaboration. Typically, the cit
ies in an urban area form a sanitary district. 
This configuration is suited for the manage
ment of a combine,,d sewer system under dry 
weather conditions. Large trunk sewers are op
erated by the public works departments of the 
member cities, but the small interceptors and 
treatment plants are run by the sanitary district. 
However, difficulties arise if the system is 
loaded with stormwater so that flooding and 
combined sewer overflows might be possible. 
Even if the sanitary district is willing to accept 
additional combined sewer flows in times of 
storms, the usable storage in the interceptors 
might be very small. The member cities, on the 
other hand, are not eager to activate trunk 
sewer storage, since this might increase their 
flooding hazard. Obviously, these conditions 
do not favor implementing an RTCS, since such 
a system relies on the coordinated operation of 
the wastewater system as a whole. 

Standards & Regulations. Most current techni
cal standards and regulations for UDSs are im
bedded in engineering traditions that do not 
promote "moving parts" and delicate equip
ment such as electronic sensors. Static loading 
and optimal functioning are usually assumed 
in the planning process. It is only recently, in 
some countries, that the actual performance of an 
UDScan be proven. Therefore, it will take another 
few years until data from continuous supervi
sion and control of currently implemented 
RTCS sites can be included in standards. 

Liability. Real time control provides the op
portunity for intervention and influence on the 



performance of an UDS during its ongoing op
eration. Formerly, a flooded underpass was re
garded as an "Act of God," provided that the 
UDS was planned correctly. Now, such an inci
dent might be created by human intent or error. 
Even if it were not the result of a human deci
sion, "victims" might at least assume so, with 
liability charges the logical consequence. Area
sonable way out of this major institutional hur
dle is to follow the detailed planning procedure 
outlined above, document its results and 
"translate" its consequences to all involved 
parties. The operations manual is an important 
part of that documentation. If the rationale be
hind this procedure and its results are well 
documented, the judicial "room to move" may 
presumably become very restricted. 

Applications 
The first RTCSs were implemented in the 
United States as demonstration projects at the 
end of the 1960s. The RTCS for the Northeast 
Ohio Regional Sewer District, serving Cleve
land and 33 suburban communities, was one of 
the first in the country. Before remedial mea
sures, almost every rain created CSOs at some 
600 points into the Cuyahoga River and Lake 
Erie. The RTCS was initiated in 1975 with three 
regulators, and a greatly expanded system be
came operational in 1983. The system now con
trols 50 percent of the original CSO volume. 
Centrally adjustable controls are actuated by 
on-site microprocessors. The central control 
computer was intended for later simulation 
and optimization of controls. Seattle has oper
ated an RTCS for more than 20 years to reduce 
CSOs. The system can be run in local automatic, 
central supervisory or central automatic 
modes. The latter mode was based on a system
specific if-then-else strategy. The system was 
recently upgraded and old computer hardware 
was replaced by state-of-the-art technology. Be
cause of the system's success, plans for separat
ing the CSO system have been abandoned. An 
additional benefit has been source detection 
of gasoline spills. Lima, Ohio, uses an RTCS for 
its combined sewer system that covers 15 
square kilometers. Eight sluice gate regulators 
are run from the central control facility. Treat
ment plant inflows are also regulated in dry 
weather by control gates. The system is flushed 

after storms by automatically opening inter
ceptor gates beginning downstream. After nor
mal working hours, the system is run automat
ically without supervision. 

In Europe, development started approxi
mately ten years later. Today, in practically all 
Western European countries, there are RTCSs 
either in operation or under serious study. The 
Netherlands and Germany should be high
lighted because of the numbers of existing sys
tems in those countries. In France, some of the 
systems have applied advanced RTCS technol
ogy. Detailed RTCS descriptions can be found 
in the sources listed in the bibliography. 
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Survey 

An Overview of 
Seismic Codes 

Engineers should be familiar 
with basic seismic concepts, 
the development of current 
seismic codes and the possible 
changes that might be made 
to the codes in the near future. 

JAMES ROBERT HARRIS 

The last five years have been a time of 
substantial change in the treatment of 
earthquake safety in building codes in 

the United States. It is anticipated that the 
amount of work on seismic codes will not di
minish in this decade. It is important that engi
neers have a firm understanding of: 

• The fundamentals of seismic demand and 
response 

• The historical development of fundamen
tals within U.S. codes 

• The present status and future directions 
of U.S. codes 

In introducing their well-known text, Funda
mentals of Earthquake Engineering, Newmark 
and Rosenblueth comment: 

"In dealing with earthquakes, we must 
contend with appreciable probabilities that 

failure will occur in the near future. Other
wise, all the wealth of the world would 
prove insufficient to fill our needs: the most 
modest structures would be fortresses. We 
must also face uncertainty on a large scale, 
for it is our task to design engineering sys
tems - about whose pertinent properties 
we know little - to resist future earthquakes 
and tidal waves - about whose characteris
tics we know even less .... In a way, earth
quake engineering is a cartoon .... 
Earthquake effects on structures systemati
cally bring out the mistakes made in design 
and construction, even the minutest mis
takes." 1 

There are several points that are essential to 
understanding the theories and practices of 
earthquake-resistant design: 

• Ordinarily, a large earthquake produces 
the most severe loading that a building is 
expected to survive. The probability that 
"failure" will occur is very real and is 
greater than for other loading phe
nomena. Also, in the case of earthquakes, 
the definition of "failure" is altered to 
permit certain types of behavior that are 
considered failure in relation to the effects 
of other phenomena. 

• The levels of uncertainty are much greater 
than those encountered in the design of 
structures to resist other phenomena. This 
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uncertainty applies both to knowledge of 
the loading function and to the resistance 
properties of the materials, members and 
systems. 

• The details of construction are very im
portant because flaws of no apparent 
consequence often will cause systematic 
failure simply because the earthquake 
loading is so severe and because an ex
tended range of behavior is permitted. 

A key text, the National Earthquake Hazard 
Reduction Program (NEHRP) Recommended Pro
visions for the Development of Seismic Regulations 
for Buildings, presents one set of concepts on 
which earthquake-resistant building design 
may be based. Produced by the Building Seis
mic Safety Council (BSSC) and sponsored by 
the Federal Emergency Management Agency 
(FEMA), this text is composed of two volumes 
and a set of maps. Part 1 contains the actual 
provisions (referred hereafter as the Provisions). 
Part 2 provides the commentary explaining the 
various aspects of the provisions (referred here
after as the Commentary). These provisions are 
the source of new seismic provisions being in
troduced into building codes and standards in 
most of the East, South, and Midwest. They are 
technically very similar to those used in the 
West since 1988. 

Earthquake Phenomena 
According to the most widely held scientific 
belief, most earthquakes occur when two seg
ments of the earth's crust suddenly move in 
relation to one another. The surface along 
which movement occurs is known as a fault. 
The sudden movement releases energy and 
causes seismic waves to propagate through the 
crust surrounding the fault. These waves cause 
the surface of the ground to shake violently. 
This ground shaking is the principal concern of 
building design. 

This type of earthquake is tectonic in origin. 
Nearly all large earthquakes are associated 
with movements of, and strains in, large seg
ments of the earth's crust or "plates." Virtually 
all such earthquakes occur at or near the 
boundaries of these plates. Tectonic earth
quakes occur in the far western portion of the 
United States where two very large plates -
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the North American continent and the Pacific 
basin - come together. Abrupt ground dis
placements occur where a fault intersects the 
ground surface, commonly occurring in Cali
fornia earthquakes. 

In the central and eastern United States, 
however, earthquakes (such as the historic 
Charleston, South Carolina, earthquake or the 
very large New Madrid, Missouri, earthquakes 
of the previous century) are not associated with 
such a plate boundary, and their causes are not 
as completely understood. This factor, com
bined with the smaller amount of data concern
ing central and eastern earthquakes (because of 
their infrequency) means that the uncertainty 
associated with earthquake loadings is higher 
in the central and eastern portions of the coun
try than in the West. 

In tectonic earthquakes, the amplitude of 
earthquake ground shaking diminishes with 
distance from the source. In addition, the rate 
of attenuation varies for different frequencies 
of motion, being less for low frequencies than 
high frequencies. Therefore, the Provisions in
cludes two maps for seismic hazard zoning. 
One map reflects the quicker attenuation for 
higher frequency motion (the Aa map) and the 
other reflects the slower attenuation for lower 
frequencies (the Av map). 

Two basic data sources are used in establish
ing the likelihood of earthquake ground shak
ing, or seismicity, at a given location. The first 
is the historical record of earthquake effects and 
the second is the geological record of earth
quake effects. Given the infrequent occurrence 
of major earthquakes, there is no place in the 
United States where the historical record is long 
enough to be used as a reliable basis for earth
quake prediction. Even on the eastern sea
board, the historical record is too short to justify 
sole reliance on the historical record. Therefore, the 
geological record is essential. Such data require 
very careful interpretation, but they are widely 
used to improve our knowledge of seismicity. 

While geological data have been developed 
for many locations throughout the country as 
part of the nuclear power plant design process, 
there are more geological data available, on the 
whole, for the far western United States than 
for any other region. Both sets of data have been 
taken into account in the seismic hazard maps 



included in the Provisions. However, ground 
shaking has been shown to vary considerably 
over small distances and that the maps in the 
Provisions do not attempt to show such small
scale variations, commonly called micro
zoning. 

The Commentary provides a more thorough 
discussion of the development of the seismic 
hazard maps, their probabilistic basis, the nec
essarily crude lumping of parameters, and so 
forth. Although the 1988 edition of the Provis
ions contains an" Appendix to Chapter 1" that 
provides alternate maps and methods for es
tablishing design ground motion, the 1991 edi
tion does not contain this appendix. In its place 
there is a new set of maps and a new procedure 
to develop a design response. The Commentary 
discussion provides insight into the perceived 
need for, and use of, these alternative maps and 
methods. The maps with longer exposure peri
ods are intended to allow users to develop 
some perspective on the issue of performance 
should a rare event occur. The entire concept for 
establishing design ground motions is being 
debated by the BSSC committees currently up
dating the Provisions and it is likely that design 
spectra (formulae for establishing base shear) 
will be revised in future editions. 

Mass soil failures such as landslides, lique
faction and gross settlement are the result of 
ground shaking on susceptible soil formations. 
Once again, design for such events is very spe
cialized and it is common to locate buildings so 
that mass soil failures and fault breakage do not 
pose major consequences to their performance. 
Modification of soil properties to protect 
against liquefaction is one important exception. 
The structural loads specified in the Provisions 
are based solely on ground shaking; they do not 
provide for ground failure. 

Earthquakes have many other effects in ad
dition to ground shaking. However, most of 
these other effects do not generally become 
major considerations in building design for 
various reasons. For example, seismic sea 
waves, or tsunamis, can cause very forceful 
flood waves in coastal regions, and seiches 
(long-period "sloshing") of lakes and inland 
seas can have similar effects along shorelines. 
While these effects are outside the scope of the 
Provisions, they should be given consideration 

during site exploration and analysis. The de
sign of structures to resist such hydrodynamic 
forces, however, is a very specialized topic, and 
it is common practice to avoid constructing 
buildings where such phenomena are likely to 
occur. 

Response of Buildings 
to Ground Shaking 
The important difference between building re
sponse to an earthquake and its response to 
most other loadings is that the response to an 
earthquake is dynamic, not static. ·For most 
buildings, even the response to wind is essen
tially static. Although wind pressures are vari
able, responsive building motions are so slow 
in relation to the ordinary frequencies of struc
tural vibration that stresses within the structure 
are due almost entirely to the pressure loading 
rather than acceleration of the mass of the struc
ture. However, with earthquake ground shak
ing, the aboveground portion of a building is 
not subjected to any applied force. The stresses 
and strains within the superstructure are cre
ated entirely by its dynamic response to the 
movement of its base, the ground. Even though 
the most used design procedure resorts to the 
use of a concept called the equivalent static 
force for actual calculations, some knowledge of 
the theory of vibrations of structures is essential. 

Response Spectra. Figure 1 presents 
accelerograms (records of the acceleration at 
one point along one axis) for several represen
tative earthquakes. Great earthquakes can ex
tend for much longer periods of time than the 
30 seconds depicted in the figure. For example, 
the 1964 Alaska earthquake exhibited strong 
shaking for over three minutes. Note the ran
dom nature of the ground shaking and the 
range of characteristics of the different 
accelerograms. The precise analysis of the elas
tic response of an ideal structure to such a 
pattern of ground motion is possible; however, 
it is not commonly done for building struc
tures. Perhaps the increasing power and de
clining cost of computational aids will make 
such analyses more common, but at this time 
only exceptional structures are analyzed for 
specific response to a specific ground motion. 

Figure 2 shows further detail developed 
from an accelerogram for a seven-story rein-
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FIGURE 1. Earthquake ground acceleration in epicentral regions. All accelerograms are plot
ted to the same scale for time and acceleration. 
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FIGURE 2. Accelerogram with computed velocity and displacement for a seven-story build
ing during the magnitude 6.4 San Fernando Earthquake in 1971. The north-south ground 
motion is shown in (a); the north-south roof motion is depicted in (b). 
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FIGURE 3. The response spectrum of north-south ground acceleration recorded at the same 
seven-story building during the 1971 San Fernando Earthquake (0, 0.02, 0.05, 0.10 and 0.20 of 
critical damping). 

forced concrete frame building that was ap
proximately five miles from the closest portion 
of the causative fault. The recorded building 
motions enabled an analysis to be made of the 
stresses and strains in the structure during the 
earthquake. Figure 2a shows the ground veloc
ity and displacement derived from the re
corded ground acceleration. Figure 2b shows 
the corresponding acceleration, velocity and 
displacement of the roof of the building located 

32 OVIL ENGINEERING PRACTICE FALL 1992 

where the ground motion was recorded. Note 
the larger magnitudes in the diagrams of Figure 
2b (the vertical scales are different). This in
crease in the response of the structure at the roof 
level over the motion of the ground itself is 
known as dynamic amplification. It depends 
very much on the vibrational characteristics of 
the building and the characteristic frequencies 
of the ground shaking at the site. 

The response of a specific building to an 
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FIGURE 4. An averaged spectrum. The horizontal components comprise the mean and mean 
plus one standard deviation acceleration (2.0 percent of critical damping). 

earthquake is ordinarily determined from a 
design response spectrum. The first step in 
creating a design response spectrum is deter
mining the maximum response of a given 
structure to a specific ground motion (see Fig
ure 2). The underlying theory is based entirely 
on the response of a single-degree-of-freedom 
oscillator such as a simple one-story frame. The 
vibrational characteristics of such a simple os
cillator may be reduced to the natural fre
quency and the amount of damping. By recal
culating the time record of response to a specific 
ground motion for a wide range of natural 
frequencies and for each of a set of common 
amounts of damping, the response spectra for 
one ground motion may be determined. It is 
simply the plot of the magnitude of maximum 
response for each combination of frequency 
and damping. 

Using Figure 2' s ground motion data, Figure 
3 illustrates that the random nature of ground 
shaking leads to a very erratic response. It is 
erratic because the slightest change in period 

brings about a very large change in response. 
Different earthquake ground motions lead to 
response spectra with peaks and valleys at dif
ferent points with respect to the natural fre
quency. 

Computing response spectra for several dif
ferent ground motions and then averaging 
them, based on some normalization for differ
ent amplitudes of shaking, will lead to a 
smoother set of spectra. Such smoothed spectra 
are an important step in developing a design 
spectrum. Figure 4 provides an example of an 
averaged spectrum. Note that the horizontal 
axes of Figures 3 and 4 differ; the former is for 
the period while the latter is for the cyclic fre
quency. Cyclic frequency is the inverse of pe
riod. Therefore, Figure 4 should be rotated 
about the line f = 1 to compare it with Figure 3. 
The acceleration, velocity or displacement may 
be obtained from Figure 3 or 4 for a structure 
with known frequency (period) and damping. 

Multistory buildings vibrate in a more com
plex fashion than do simple one-degree-of-
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FIGURE 5. The force-controlled resistance of a steel beam. 

freedom oscillators. However, the principles of 
modal analysis allow a reasonable approxima
tion of the maximum response of a multi
degree-of-freedom oscillator such as a multi
story building if many specific conditions are 
met. The procedure involves dividing the total 
response into a number of natural modes, mod
eling each mode as an equivalent single
degree-of-freedom oscillator, determining the 
maximum response for each mode, and then 
estimating the maximum total response by sta
tistically summing the responses of the individ
ual modes. The Provisions does not require con
sideration of all possible modes of vibration for 
most buildings because the contribution of the 
higher modes (higher frequencies) to the total 
response is very minor. 

The soil immediately beneath a building has 
a significant effect on the characteristics of the 
ground motion and, therefore, on the 
building's response. This effect is accounted for 
in the Provisions by dividing the ground mo
tions used in the averaging of response spectra 
into sets with similar soils. Thus, somewhat 
different design response spectra are specified 
depending on the type of soil(s) beneath the 
building. The Commentary contains a thorough 
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explanation of this feature. 
Inelastic Response. Heretofore in this discus

sion the elastic behavior of the building struc
ture has been assumed. Building structures are 
permitted to strain beyond the elastic limit in 
responding to earthquake ground shaking. 
This principal extension beyond ordinary be
havior dramatically differs from the case with 
design for other types ofloads in which stresses 
and, therefore, strains are not permitted to ap
proach the elastic limit. The reason is economic. 
Figure 3 shows a peak acceleration response of 
about 1.0 g (the acceleration of gravity) for a 
structure with moderately low damping - for 
only a moderately large earthquake. Even 
structures that are strong in resisting lateral 
forces will have a static lateral strength of only 
20 to 40 percent of gravity. 

The dynamic nature of earthquake ground 
shaking means that a large portion of the shak
ing energy can be absorbed by inelastic strain 
energy if some damage to the structure is ac
cepted. The degree to which a member or struc
ture may deform beyond the elastic limit is 
referred to as ductility. Figures 5 and 6 illustrate 
the large amount of strain energy that may be 
stored by a ductile system in a displacement-
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FIGURE 6. The displacement-controlled resistance of a simple oscillator with a steel column. 

controlled event such as an earthquake. The 
two figures are plotted with the independent 
variables on the horizontal axis and the depen
dent response on the vertical axis. 

Figure 5 characterizes the response to forces 
such as gravity weight or wind pressure. As the 
weight, W, is increased, the displacement in
creases until the yield point stress is reached. If 
Wis given an additional increment (about 15 
percent), a plastic hinge forms giving large dis
placements. For this kind of system, the force 
producing the yield point stress is close to the 
force producing collapse. The ductility does not 
produce a large increase in load capacity. 

Figure 6 characterizes induced displace
ments such as foundation settlement or earth
quake ground shaking. As the displacement is 
increased, the base moment, Fl, increases until 
the yield point is reached. As the displacement 
increases still more, the base moment increases 
only a small amount. The displacement can be 
increased ten to 20 times the yield point dis
placement before the system collapses under 
the weight, W: (As W increases, this ductility is 
decreased dramatically.) During an earth
quake, the oscillator is excited into vibrations 
by the ground motion. It behaves essentially as 

a displacement-controlled system and can 
survive displacements far beyond the yield 
point, explaining why ductile structures can 
survive ground shaking that produces dis
placements much greater than yield point dis
placement. 

Figures 5 and 6 should not be interpreted as 
a horizontal beam and a vertical column. Fig
ure 6 would represent a beam if the load W was 
small and a column if W were large. The figures 
are used to illustrate that ductile structures 
have the ability to resist displacements much 
larger than those that first cause yield. 

Different materials and different ar
rangements of structural members lead to dif
ferent ductilities. Response spectra may be cal
culated for oscillators with different levels of 
ductility. At the risk of gross oversimplification, 
the following' general conclusions may be 
drawn: 

• For structures with very low natural 
frequencies, the acceleration response is 
reduced by a factor equivalent to the duc
tility ratio (the ratio of maximum usable 
displacement to effective yield displace
ment). 
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• For structures with very high natural fre
quencies, the acceleration response of the 
ductile structure is essentially the same as 
that of the elastic structure. 

• For intermediate frequencies (which ap
plies to nearly all buildings), the acceler
ation response is reduced and the dis
placement response is increased for the 
-ductile structure. 

Inelastic response is quite complex. Earth
quake ground motions involve a significant 
number of reversals and repetitions of the 
strains. Therefore, relying on observations of 
the inelastic properties of a material, member 
or system under a monotonically increasing 
load until failure can be very misleading. Cy
cling the strain can cause the degradation of 
strength or stiffness, or both. Systems that have 
a proven capacity to maintain a stable resis
tance to a large number of cycles of inelastic 
straining are allowed to exercise a greater por
tion of their ultimate ductility in designing for 
earthquake resistance. 

The building characteristics that are import
ant for determining its seismic response are 
natural frequency, damping, ductility and sta
bility of resistance under repeated reversals of 
inelastic strain. The natural frequency is deter
mined by the mass and stiffness of the building. 
Using the Provisions, the designer calculates, or 
at least approximates, the natural period of 
vibration (the inverse of natural frequency). 
Damping, ductility and stability depend pri
marily on the type of building system but not 
the size or shape of the building. Two coeffi
cients, R and Ca, are provided to encompass 
damping, ductility and stability of resistance. R 
reduces the acceleration response from that for 
an elastic .oscillator with a certain level of 
damping. Ca amplifies the elastic displacement 
response for ductility. Pairs of R and Ca are 
specified in the Provisions for the most common 
building materials and systems. 

Building Materials. Timber structures nearly 
always resist earthquakes very well even 
though wood is a brittle material as far as ten
sion and flexure are concerned. It has some 
ductility in compression, and its strength in
creases for brief loadings such as an earth
quake. Conventional timber structures (ply-
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wood or board sheathing on wood framing) 
possess much more ductility than the basic 
material primarily because of the yielding of 
nails and other steel connection devices and 
the compression of the wood against the con
nector. These structures also possess a much 
higher degree of damping than is assumed in 
developing the basic design spectrum. Much of 
this damping is caused by slip at the connec
tions. The increased strength, connection duc
tility and high damping combine to give such 
structures a large reduction from elastic re
sponse to design level. This large reduction 
should not be used if the structure's strength is 
actually controlled by bending or tension of 
gross timber cross section. The large reduction 
in acceleration combined with the light weight 
of timber structures make them very efficient 
with regard to earthquake ground shaking 
when they are properly connected, as evi
denced by their generally good performance in 
earthquakes. 

Steel is the most ductile of the common 
building materials. The moderate to large re
duction from elastic response to design re
sponse allowed for steel structures is primarily 
a reflection of this ductility and the stability of 
the resistance of steel. Members subject to buck
ling (e.g., bracing) and connections subject to 
brittle fracture (e.g., partial penetration welds 
under tension) are less ductile and the Pro
visions accounts for these features in various 
ways. Other defects, such as lamellar tearing at 
thick welds, may also affect earthquake resis
tance. 

Reinforced concrete achieves ductility 
through careful limits on steel in tension and 
concrete in compression. Reinforced concrete 
beams with common proportions can possess 
greater ductility under monotonic loading than 
common steel beams, in which local buckling 
is usually a limiting factor. However, providing 
stability of the resistance to reversed inelastic 
strains requires uncommon detailing. The. re
duction factors from elastic response to design 
response vary widely, depending on the detail
ing for stable and assured resistance. The Com
mentary explains how controlling premature 
shear failures in members and joints, buckling 
of compression bars, concrete compression fail
ures through confinement, the sequence of 



plastification and other factors lead to larger 
reductions from the elastic response. 

Masonry represents a more diverse category 
of building materials than wood, steel or rein
forced concrete. However, less is known about 
its inelastic response characteristics. For certain 
types of members (e.g., pure cantilever shear 
walls), reinforced masonry behaves in a fashion 
similar to reinforced concrete. 1he nature of the 
masonry construction, however, makes it diffi
cult, if not impossible, to apply some of the 
methods (e.g., confinement of compression 
members) used with reinforced concrete to in
crease ductility and stability. Further, the dis
crete differences between mortar and the ma
sonry unit create additional failure 
phenomena. 1herefore, the reduction factors 
for reinforced masonry are not quite as large as 
those for reinforced concrete. Unreinforced ma
sonry possesses little ductility or stability, and 
very little reduction from the elastic response is 
permitted. 

Building Systems. 1hree basic lateral load re
sisting elements - walls, braced frames and 
unbraced frames (moment-resisting frames)
are used as the basis for a classification of build
ing types in the Provisions. Unbraced frames 
generally are permitted greater reductions 
from elastic response than walls and braced 
frames. In part, this latitude is given because 
frames are more redundant, have several differ
ent locations with approximately the same 
stress levels and because the beam-column 
joints often exhibit an ability to maintain a sta
ble response through many cycles of reversed 
inelastic strains. Connection details often make 
the development of ductility difficult in braced 
frames, and buckling of compression members 
is another factor that limits their inelastic re
sponse. Eccentrically braced steel frames are a 
new development designed to overcome these 
shortcomings. Walls that are not load bearing 
are allowed a greater reduction than walls that 
are load bearing. Redundancy is one reason; 
another is that axial compression generally re
duces the flexural ductility of concrete and ma
sonry elements (although small amounts of 
axial compression usually improve the perfor
mance of materials weak in tension, such as 
masonry and concrete). Systems that combine 
different types of elements are generally al-

lowed greater reductions from elastic response 
because of redundancy. 

Engineering Philosophy 
In the Provisions under "Purpose," it is stated 
that: 

"The design earthquake ground motions 
specified in these provisions are selected so 
that there is a low probability of their being 
exceeded during the normal life expectancy 
of the building. Buildings and their compo
nents and elements that are designed to re
sist these motions and that are constructed 
in conformance with the requirements for 
framing and materials contained in the fol
lowing chapters may suffer damage but 
should have a low probability of collapse 
due to seismic-induced ground shaking." 

The two points to be emphasized are that dam
age is to be expected when an earthquake 
(equivalent to the design earthquake) occurs 
and that the probability of collapse is not zero. 

1he basic structural criteria are strength, sta
bility and distortion. The yield-level strength 
provided must be at least that required by the 
design spectrum (which is reduced from the 
elastic spectrum). The stability criterion is im
posed by amplifying the effects of lateral forces 
for the destabilizing effect of lateral translation 
of the gravity weight (termed the P-delta effect). 
1he distortion criterion is stated in the form of 
a limit on interstory drift and is calculated by 
amplifying the linear response to the design 
spectrum by the factor Cd to account for inelas
tic behavior. 

Yield-level strengths are easily obtained for 
steel and concrete structures from common de
sign standards. However, design standards for 
timber and masonry are based on allowable 
stress concepts that are not consistent with the 
basis of the reduced design spectrum. 1he Pro
visions document stipulates adjustments to 
common reference standards for timber and 
masonry to arrive at a strength level equivalent 
to yield and compatible with the basis of the 
design spectrum. Most of these adjustments are 
simple factors to be applied to conventional 
allowable stresses. Other common standards 
for earthquake-resistant design are based on 

CIVIL ENGINEERING PRACTICE FALL 1992 37 



allowable stresses. 
The Provisions recognizes that the risk pre

sented by a particular building is a combination 
of the seismic hazard at the site and the conse
quence of failure, due to any cause, of the build
ing. A classification system, based on the use 
and size of the building and called the Seismic 
Hazard Exposure Group (SHEG), quantifies 
that risk. A combined classification called the 
Seismic Performance Category (SPC) incorpo
rates both the seismic hazard and the SHEG. 
The SPC is used throughout the Provisions for 
decisions regarding the application of various 
specific requirements. 

Calculation Procedures 
The Provisions sets forth two procedures for 
determining the force effect of ground shaking 
- an equivalent static force procedure and a 
dynamic modal analysis procedure. Alternate 
procedures such as preparing design spectra 
for a specific site, elastic time-history analysis 
or inelastic time-history analysis are permitted; 
however, they are subject to certain limits. Both 
specified methods are based on the same spec
ified spectrum (the specification is in terms of 
the equation for the total lateral force or "base 
shear"). The entire reduction from elastic spec
trum to design spectrum is accomplished by 
dividing the elastic spectrum by the coefficient 
R, which ranges from 1.25 to 8.0. The specified 
elastic spectrum is based on a damping level at five 
percent of critical damping. The resulting forces 
are compared to the full strength of the mem
bers and are not reduced by a factor of safety. 

Equivalent Static Force Procedure. With this 
procedure, the level of the design spectrum is 
set by determining the appropriate values of 
basic seismic acceleration, the appropriate soil 
profile type and the value for R. The particular 
acceleration for the building is determined 
from this spectrum by selecting a value for the 
natural period of vibration. Equations that re
quire only the height, width and type of struc
tural system are given to approximate the nat
ural period for various building types. 
Calculating a period based on an analytical 
model of the structure is encouraged, but limits 
are placed on the results of such calculations. 
These limits prevent the use of a very flexible 
model in order to obtain a large period and 
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corresponding low acceleration. With the accel
eration, the base shear is obtained from the total 
effective mass of the building, which is gener
ally the total permanent load. 

Once the total lateral force is determined, the 
procedure specifies how this force is to be dis
tributed along the height of the building. This 
distribution is based on the results of dynamic 
studies of relatively uniform buildings, and it 
is intended to give an envelope of shear force 
at each level that is consistent with these stud
ies. Particularly in tall buildings, this set of 
forces will produce an envelope of gross 
overturning moment that is larger than the dy
namic studies indicate is necessary. Therefore, 
the procedure permits reducing such moments 
for tall buildings. 

With one exception, the remainder of the 
equivalent static force analysis is basically a 
standard structural analysis. That exception ac
counts for uncertainties in the location of 
the center of mass, uncertainties in the strength 
and stiffness of the structural elements and ro
tational components in the basic ground shak
ing. This concept is referred to as horizontal 
torsion. The Provisions requires that the center of 
force be displaced from the calculated center of 
mass by an arbitrary amount in either direction. 

Dynamic Modal Analysis Procedure. In many 
respects, this procedure is very similar to the 
equivalent static force procedure. The primary 
difference is that the natural period and corre
sponding deflected shape must be known for 
several of the natural modes of vibration. The 
period and deflected shapes are calculated 
from a mathematical model of the structure. 
The procedure requires including all modes 
with periods greater than 0.4 seconds and at 
least three modes (in the case of two-story 
buildings, only two modes are used). The base 
shear for each mode is determined from a de
sign spectrum that is essentially the same as 
that for the static procedure. The distribution of 
forces, and the resulting story shears and over
turning moments, are determined for each 
mode directly from the procedure. Total values 
for subsequent analysis and design are deter
mined by taking the square root of the sum of 
the squares for each mode. This summation 
gives a statistical estimate of maximum re
sponse when the participation of the various 



modes is random. If two or more of the modes 
have very similar periods, more advanced tech
niques for summing the values should be con
sidered.1 The sum of the absolute values is 
always conservative. 

A lower limit to the base shear determined 
from the modal analysis procedure is specified 
based on the static procedure and the approx
imate periods specified in the static procedure. 
When this limit is violated, all results are scaled 
up in direct proportion. The consideration of 
horizontal torsion is the same as for the static 
procedure. Because the forces applied at each 
story, the story shears and the overturning mo
ments are separately obtained from the sum
ming procedure, the results are not statically 
compatible (i.e., the moment calculated from 
the story forces will not match the moment 
from the summation). Early recognition of this 
will avoid considerable problems in later anal
ysis and checking. 

Comparison of the Force Effect Procedures. For 
buildings that are very uniform in a vertical 
sense, the two procedures yield very similar 
results. The modal analysis method is better for 
buildings having unequal story heights, 
stiffnesses or masses. The modal procedure is 
required for such buildings in higher hazard 
zones. Both methods are based on purely elastic 
behavior and, thus, neither will give a particu
larly accurate picture of behavior in an earth
quake approaching the design event. The yield
ing of one component during an earthquake 
leads to the redistribution of the forces within 
the structural system. This redistribution may 
be very significant; yet, neither specified pro
cedure accounts for it. 

Both methods require considering the stabil
ity of the building as a whole. The technique is 
based on the elastic amplification of horizontal 
displacements created by the action of gravity 
on the displaced masses. A simple factor is 
calculated, and when the amplification exceeds 
about ten percent, it must be taken into account 
in designing member strengths. The technique 
is referred to as P-delta analysis and only ap
proximates stability at inelastic response levels. 

Nonstructural Elements 
of Buildings 
Severe ground shaking often results in consid-

erable damage to the nonstructural elements of 
buildings. Damage to nonstructural elements 
can be a hazard to life in and of itself, as in the 
case of heavy partitions or facades, or it can 
create a hazard if the nonstructural element 
ceases to function, as in the case of a fire sup
pression system. Some buildings, such as hos
pitals and fire stations, need to be functional 
immediately following an earthquake; there
fore, many of their nonstructural elements 
must remain undamaged. 

Damage to and from nonstructural elements 
is considered in three ways in the Provisions: 

• Indirect protection is provided by an 
overall limit on structural distortion. 
However, the limits specified may not 
offer much protection to brittle elements 
that are rigidly bound by the structure. 

• Many components are required to be an
chored for an equivalent static force. 

• Some elements are required to be spec
ifically designed in order to accom
modate specific structural deformations 
or seismic forces (the total element, not 
just its anchorage). 

The force calculations are quite simply 
rendered as acceleration times mass. In most 
cases, the acceleration represents three factors: 
the seismic hazard of the location, the nature of 
the response of the element and the necessity 
for superior performance. The latter two factors 
are taken from a classification of elements in 
the Provisions that is more extensive than any 
contained in past design standards. In certain 
cases, added factors are introduced to account 
for the amplification of ground shaking in 
the upper stories of buildings and for the 
possibility of resonance between the structure 
as a whole and the equipment being sup
ported. 

Quality Assurance 
Since strong ground shaking tends to reveal 
hidden flaws or "weak links" in buildings, the 
Provisions contains detailed requirements for 
quality assurance during construction. Loads 
experienced during construction provide a sig
nificant test of the likely performance of ordi
nary buildings under gravity loads. Tragically, 
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mistakes occasionally will pass this test only to 
cause failure later, but their occurrence is fairly 
rare. No comparable proof test exists for hori
zontal loads, and experience has shown that 
flaws in construction show up as distress and 
failure due to an earthquake in a disproportion
ately large share of buildings. Damage also 
occurs because the design is based on excur
sions into inelastic straining, which is not the 
case for response to other loads. 

Quality assurance provisions require a sys
tematic approach that emphasizes docu
mentation and communication. The designer 
who conceives the systems to resist the effects 
of earthquake forces must identify the elements 
that are critical for successful performance and 
must specify the testing and inspection neces
sary to ensure that those elements are actually 
built to perform as intended. Minimum levels 
of testing and inspection are specified in the 
Provisions for various types of systems and 
components. 

The Provisions also requires that the con
tractor and building official be aware of the 
requirements specified by the designer. Fur
thermore, the necessary inspection and testing 
must be performed by technically qualified 
personnel who can communicate the results of 
their work to all concerned parties. In the final 
analysis, there is no substitute for a sound de
sign, soundly executed. 

Historical Development 
of U.S. Seismic Codes 
Much of the history of the development of seis
mic code provisions in the United States is the 
direct response to damaging earthquakes. The 
bulk of this discussion focuses on develop
ments within this country; however, a few 
significant early events outside the U.S. are 
included for perspective. Also, many of the 
developments in later years are captioned 
by the time of their actual occurrence, rather 
than being lumped together with the preceed
ing earthquake that stimulated the develop
ment. 

1755 Lisbon Earthquake: Ground-Shaking 
Waves. This earthquake was a very significant 
one. It actually occurred in the Atlantic Ocean 
near the Azores Islands. It caused great damage 
in Lisbon through ground shaking, tsunami 
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and subsequent fire. The earthquake was felt 
throughout most of western Europe, including 
Scandinavia. A significant seismic observation 
made at the time was that the ground moved in 
waves and that the nature of these waves 
changed with time - they were closer together 
early in the disturbance and further apart later 
in the disturbance. 

1906 San Francisco Earthquake: Lateral Force 
From Wind. This earthquake was extremely de
structive. Building regulations were in place in 
San Francisco and other major American cities 
at the time. However, much of the public dis
cussion of the earthquake centered on the fire 
that followed. The building regulations that 
had been developed over the preceding cen
tury were mostly aimed at preventing confla
gration in cities. The only structural safety re
quirement that appeared in San Francisco 
building code as the result of the 1906 earth
quake was a provision that all buildings were 
to be designed to resist a horizontal force equiv
alent to 30 pounds per square foot of wind on 
the face of a building. 

1911 Messina, Italy, Earthquake: Equivalent 
Static Inertial Force. Building regulations were 
enacted following this earthquake, near the 
straits that separate Italy from Sicily. These reg
ulations stipulated that a building be designed 
for a static horizontal force equal to ten percent 
of its weight. These regulations represent the 
first instance that the fundamental law of dy
namics (force equals mass times acceleration) 
was recognized in the design of a building in 
order to resist the dynamic effect of ground 
shaking. 

1923 Tokyo (Kanto) Earthquake: Prediction. 
This earthquake is the first documented in
stance of successfully predicting a large earth
quake. Prior to its occurrence, scientists· in 
Japan had noted that a gap existed in the areas 
influenced by historic earthquakes in Japan. 
The seismic gap prediction is one of the most 
well founded predictive methods in use today, 
particularly in areas subject to strong subduc
tion zone earthquakes. (Undoubtedly, there 
were significant building regulations that must 
have developed in Japan following this earth
quake, particularly given discussion by Japan
ese engineers and scientists of proposed U.S. 
earthquake regulations in the early 1950s. 



However, that information has not been re
viewed directly for this discussion.) 

1925 Santa Barbara: Scientific Study of Ground 
Motions. This earthquake stimulated a scientific 
approach to providing earthquake-resistant 
buildings. Congress instructed the U.S. Coast 
and Geodetic Survey (USCGS) to study strong 
motion seismology. The USCGS developed 
strong motion seismographs and placed them 

. in many likely locations. 
1927 Uniform Building Code: Inertial Force, Soil 

Effects in the U.S. The first edition of the Uni
form Building Code (UBC) was published in 
1927 by the forerunner of the International 
Conference of Building Officials (ICBO). The 
code was quickly adopted by many cities along 
the west coast. Its appendix contained provis
ions for the structural design of a building to 
resist an earthquake. The basic provision was 
that buildings on firm ground must be de
signed to resist a horizontal force equal to 7.5 
percent of a total dead and live load of the 
building. Firm ground was defined as soil for 
which the allowable foundation bearing pres
sure was two tons per square foot or more. For 
soils with a lower bearing capacity and for all 
buildings founded on piles, the horizontal force 
was to be ten percent of the total dead and live 
load of the building. The design stresses were 
permitted to be increased when considering 
earthquake loads by one-third to one-half the 
normal values, depending on the component 
and material. 

1933 Long Beach Earthquake: Reinforced Ma
sonry & Inspection. The first instrumental re
cords of strong ground shaking were obtained. 
However, they were flawed in that the ampli
tude exceeded the range of the instruments that 
the USCGS had constructed and installed. 
Many changes occurred in building codes. The 
city of Los Angeles required design for eight 
percent of the sum of the dead load plus half of 
the live load. The UBC soon adopted this regu
lation for good soils, and sixteen percent for 
poor soils. Masonry was required to have a 
minimum amount of reinforcement, due to the 
poor performance of unreinforced masonry. 
The earthquake shocked the officials in Califor
nia, particularly because so many school build
ings were destroyed. If the earthquake oc
curred an hour earlier, it would have caused a 

large loss of life. As a direct result, the state of 
California passed the Field and Riley Acts. The 
Field Act covered the design and construction 
of schools, requiring slightly higher forces for 
low-rise masonry buildings than the UBC, but 
perhaps most importantly instituting a rigid 
system of design review and quality assurance 
inspection during construction. In later years, 
this act has been expanded to include hospitals 
and other public buildings. The Riley Act ap
plied to most other types of buildings and re
quired a minimum horizontal force for design 
of two percent of the weight of the building. 
From this point on, construction in those cities 
in California that had not previously adopted 
the earthquake regulations from the UBC was 
required to provide for earthquake forces. 

1940 El Centro, California, Earthquake: Strong 
Ground Motion Record. For the first time, a rela
tively close record of strong ground shaking 
from a large earthquake (magnitude 7.1) was 
obtained. The USCGS had redesigned their in
struments following the Long Beach earth
quake. As the technology for analyzing the re
sponse of a structure developed over the 
ensuing three decades, this singular record be
came the most studied and analyzed earth
quake ground motion record in existence. 
Within ten years, the response of a single-degree
of-freedom elastic oscillator (representative of 
a one-story building) had been computed for 
this earthquake record by several leading aca
demicians. These computations showed accel
erations of five to fifty times the magnitude of 
the current design forces. It was nearly ten more 
years before the substantial differences be
tween the elastic computations and building 
design practice were rationally discussed in the 
literature, and another fifteen years before 
building regulations were written that explic
itly dealt with the substantial differences. 

1943 City of Los Angeles Building Code: Dy
namic Properties. For the first time, the seismic 
acceleration of the building was related to the 
dynamic properties of the building in addition 
to mass. The relation, which was approximate, 
set the acceleration to be inversely proportional 
to the number of stories of the building. Since 
the provision was applied one story at a time, 
it resulted in an unequal distribution of the total 
force with respect to the height, giving higher 
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· accelerations for the upper stories than the 
lower stories. This basic provision soon found 
its way into the UBC. It was still in use in other 
model building codes until 1975. 

1952 San Francisco Joint Committee: Modal 
Analysis, No Soil Effect, Vertical Distribution, 
Overturning, Framing System. A committee 
jointly appointed by the San Francisco section 
of the American Society of Civil Engineers 
(ASCE) and the Structural Engineers Associa
tion of Northern California prepared a sug
gested seismic code for the city of San Fran
cisco. It was eventually adopted by the city 
with some increases in coefficients a few years 
later. The committee's justification for the pro
visions and the discussion stimulated by its 
publication are very informative.5, 6 The use of 
modal analysis to approximate the dynamic 
response of a multistory building was dis
cussed, as well as a response spectrum from a 
1940 El Centro Earthquake record. The design 
acceleration was directly related to the shape of 
this response spectrum, but the magnitude 
of acceleration was not. The justification for 
the provisions did not adequately access the 
reasons for the difference between the inertial 
forces computed for the El Centro ground motion 
and design values that had given good per
formance. The discussion by Martel, Housner 
and Alford attributed at least a part of the dif
ference to high levels of damping in buildings.6 

No adjustment to design accelerations were 
made for different types of soils, even though 
the issue was raised by several of the discuss
ers. 

The distribution of seismic accelerations 
along the height of the building recognized the 
dynamic response of the real structure; the tri
angular distribution recommended fairly rep
resents the behavior of a structure vibrating in 
its first mode. It is interesting to note that the 
earlier city of Los Angeles formula did a better 
job of accounting for the effects of higher modes 
at the tops of buildings than the strictly trian
gular distribution. The triangular distribution, 
with modifications for taller buildings, is still 
used today. The joint committee also required 
resistance to the static overturning moment 
produced by the horizontal seismic forces, ex
cept that no increase in moment need be taken 
more than ten stories below the top of the build-
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ing, in recognition of the effects of higher 
modes on taller structures. 

Los Angeles imposed a height limit of 13 
stories on buildings, but San Francisco did not. 
The joint committee therefore imposed addi
tional requirements on tall buildings requiring 
the construction of a moment-resisting struc
tural framework capable of resisting at least a 
portion of a seismic force within tall buildings. 
Their provisions also allowed the walls and 
bracing systems of buildings to be designed for 
a lower force if a moment-resisting framework 
is in place. The provisions appear to be the first 
to require that the designer take explicit ac
count of horizontal torsion resulting from an 
eccentricity between the lateral force resisting 
system and the center of mass. 

1956 World Conference on Earthquake Engi
neering: Research. This conference was the first 
in a continuing series and highlighted the prog
ress of serious study in developing an under
standing of earthquakes and structural perfor
mance. 

1957 Mexico City Earthquake: Design Using 
Dynamic Analysis. The dramatic success of the 
just constructed 43-story Latino-Americano 
Tower designed according to dynamic princi
ples highlighted a trend of academic research 
results moving into practice. 

1960 Structural Engineers Association of Cali
fornia Requirements: Structural System Perfor
mance. Engineering associations in southern 
and northern California formed a joint commit
tee in 1957 to develop uniform seismic code 
provisions. The first edition of the Structural 
Engineers Association of California (SEAOC) 
regulations was quickly incorporated into the 
UBC, which also added the aspect of zoning by 
inserting a factor that gave smaller design 
forces for areas with records of lower seismicity 
than California. The design acceleration was 
explicitly related to the period of the building, 
and the mass was taken as dead load only, 
except for storage and warehouse occupancies. 
The resulting spectrum of design accelerations 
was somewhat more similar to the 1943 Los 
Angeles code than the 1952 joint committee 
report. 

The most substantial change was the intro
duction of a factor to represent the performance 
of different building systems. Systems that had 



performed well, such as complete moment
resisting space frames with substantial redun
dancy and ductility, were permitted to be de
signed for smaller forces. Systems that had 
experienced substantial difficulty, such as bear
ing wall buildings, were required to be de
signed for somewhat higher forces. All ma
sonry and concrete were required to have at 
least a minimum amount of reinforcement. 

The building was required to be designed for 
the static resultant overturning moment from 
the horizontal forces. However, a reduction fac
tor was incorporated to recognize the effect of 
higher modes. This factor permitted the design 
moment to be reduced to as little as one-third 
of the static resultant moment. The distribution 
of force with respect to height of the building 
was essentially the same as the triangular 
distribution used by the 1952 San Francisco 
committee, with the exception that a portion 
of the force was applied independently at the 
top of the structure for medium and high rise 
buildings, to represent the effect of higher 
modes. 

1961 "Design of Multi-Story Reinforced Con
crete Building for Earthquake Motions": Ductile 
Concrete. This text book, written for the practic
ing engineer, introduced the concepts of in
elastic response to earthquake motions in 
clear detail for the first time. It was also one of 
the first clear expositions of dynamic modal 
analysis for use by practicing engineers. It em
phasized the concepts by which ductility can be 
provided with reinforced concrete columns 
and beams. 

1964 Alaska Earthquake: No Instrumental Data. 
This earthquake was an extremely large and 
destructive one. Unfortunately, no instrumen
tal record of the strong ground motion was 
obtained. Building code concepts for torsional 
response of eccentric buildings, anchorage of 
cladding to buildings and details for tieing the 
structure together were reinforced by real per
formance data. Substantial landslides and 
ground movement occurred. 

1964 Niigata, Japan, Earthquake: Liquefaction. 
In this earthquake, extensive liquefaction cre
ated dramatic failures of reinforced concrete 
apartment blocks that sank and tilted into 
sandy deposits that became quicksand. 

1966 SEAOC Requirements: Ductile Concrete, 

Detailing. The concrete ductile frame was intro
duced into the building code as a system that 
was permitted for tall buildings on an equiva
lent basis with steel frames. The requirements 
for detailing columns and beams in the frame 
to provide ductility were also included, begin
ning the tradition of paying extensive attention 
to detailing to deliver assumed ductility. De
sign forces for tanks and other non-building 
structures were increased over that of previous 
codes. 

1967 Caracas, Venezuela, Earthquake: Non
structural Infill, Overturning. The collapse of 
several high (about 20 stories) concrete frame 
buildings illustrated the hazards of rigid 
nonstructural walls in the upper stories of a 
building with open framework at the lowest 
story. The stiff walls modified the assumed dy
namic response and focused the inelastic re
sponse in the first story, which collapsed. The 
failures also demonstrated flaws in the previ
ous theory concerning reduction in the over
turning moment because of the apparent fail~ 
ure of comer columns and buildings due to 
high compression. The reduction for overturn
ing moment was removed from the SEAOC 
requirements in 1969. 

1971 San Fernando Earthquake: Extensive Test 
of Design and Construction Practices, Federal Re
sponse. Extensive performance data were ob
tained on buildings designed according to seis
mic codes over the prior 35 years. Although the 
large loss of life occurred in buildings that pre
dated seismic codes, the performance of more 
modern buildings was unsatisfactory in many 
respects. Quantified ground-shaking and dy
namic building response data for further study 
increased by an order of magnitude. The fed
eral government developed a keen and long 
lasting interest in earthquake hazard mitiga
tion. 

1972 Workshop: Upgrade Design Standards. A 
workshop was held in response to the San Fer
nando Earthquake. One of the recommenda
tions made by the workshop was that the state 
of practice for building design should be 
brought up to the state of knowledge existing 
in the research community. 

1974 SEAOC Requirements: Increased Forces, 
Occupancy Importance, Soil Factor. As a first re
sponse in the codes to the San Fernando Earth-
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quake, design accelerations were raised for all 
buildings and an importance factor was intro
duced to provide even higher levels of safety 
for hospitals and other specially important 
buildings. A site factor was introduced to raise 
the design acceleration for those buildings with 
periods of vibration near the computed period of 
vibration of the soil profile at the site. The max
imum increase was 50 percent and it was based 
on the concept of resonance. It exerted the most 
change for large buildings on soft to medium 
soils. A quantitative limit on lateral drift of the 
building in response to the seismic forces was 
introduced for the first time. The changes were 
all incorporated into the 1976 UBC. 

1974 Applied Technology Council Report ATC 2: 
Dual Spectra Method. A two-level response spec
trum technique for design, based on concepts 
used within the nuclear power industry, was 
applied to building design. It was concluded 
that a single design spectrum would be ade
quate for building code use. 

1976 (published 1978) Applied Technology 
Council Report ATC 3-06: Probabilistic Ground 
Accelerations, Realistic Response Accelerations, In
elastic Factors, Strength Design, Ground Motion 
Attenuation. This report by the Applied Tech
nology Council (ATC) entitled, "Tentative Pro
visions for the Development of Seismic Regu
lations for Buildings," was the first major step 
in the process envisioned in the 1972 workshop. 
A completely new set of building design pro
visions was developed based on the principles 
of dynamic response with explicit recognition 
of inelastic action. The ground motion maps 
showed realistic accelerations derived on a 
probabilistic basis. The elastic dynamic re
sponse was then computed either by an equiv
alent static method similar to traditional meth
ods or by modal analysis and then reduced for 
the ductility and damping of the particular 
building system. Structures were to be propor
tioned by strength methods, and extensive 
requirements for detailing were included. The 
maps included the effect of less rapid attenua
tion of long period waves to protect tall 
buildings from distant earthquakes. The pro
visions were intended to be applicable nation
wide, not simply in California, with a down
ward scaling elsewhere. 

1977 Earthquake Hazards Reduction Act: Fed-
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eral Support & Direction. Congress passed the 
law that led to the establishment of the NEHRP. 
More money became available for research, 
and more federal control was exerted. Building 
codes were specified as a target for improve
ment. 

1979 Building Seismic Safety Council: Response 
to ATC 3-06. The BSSC was formed in order to 
provide a forum to debate a discussion of the 
issues presented by the ATC 3-06 publication. 
Committees were assembled and, in 1980, a 
review was completed that called for signifi
cant fine tuning. From 1982 to 1984, a series of 
trial designs were conducted to assess the eco
nomic and social impacts of the new seismic 
provisions, after which further modifications 
were made. 

1985 NEHRP Recommended Provisions: ATC 
3-06 Passes a Major Hurdle. The BSSC officially 
adopted the revised ATC 3-06 provisions as 
recommended rather than tentative. Updated 
editions were issued in 1988 and 1991. Signif
icant changes included a finer classification 
for detailing requirements, design provisions 
for braced steel frames (both eccentric and con
centric) and more guidance for irregular build
ings. 

1985 Mexico City Earthquake: Extreme Site Ef
fect. This strong distant earthquake dramati
cally illustrated the effect of soils and local 
geology. By 1988 a new category for very soft 
soils was introduced into BSSC and SEAOC 
provisions. 

1988 New SEAOC Requirements Incorporated 
Into the UBC. SEAOC officially adopted new 
seismic provisions in 1987, which ended up in 
the 1988 UBC. The provisions were essentially 
the same as the 1988 NEHRP Recommended Pro
visions. The major difference was that design 
force levels were scaled down by about one
third so existing allowable stress procedures for 
member design could be used. Also, the differ
ence between close and distant earthquake 
ground shaking was not included. 

1988 Armenia Earthquake: Importance of Detail
ing, Site Effect. Design forces in the Soviet Union 
were derived quite similarly to those in the U.S. 
However, the Soviet design standards did not 
include much detail to ensure the assumed duc
tility. An extreme disparity in the performance 
of two precast building systems highlighted the 



folly. Also, the effect of soft soil underlying a 
crust of weak volcanic rock surprised local of
ficials. 

1989 Loma Prieta (World Series) Earthquake: 
Performance Test. Tremendous quantities of data 
were gathered and have not yet been fully an
alyzed. However, the basic approach of build
ing design taken since the San Fernando Earth
quake was affirmed. 

1991 NEHRP Provisions Into Model Codes: Up
grade Practices in the East, Midwest and South. 
Official moves were taken to incorporate up-to
date seismic provisions in the Building Officials 
and Code Administrators' (BOCA) National 
Building Code and the Standard Building 
Code, as well as voluntary national consensus 
standards. 

The System of 
Buildmg Codes in the U.S. 
In the United States, the authority to regulate 
the construction and use of buildings rests with 
the state governments because the federal Con
stitution does not specifically assign that au
thority to the federal government. Tradition
ally, however, the states have not exercised that 
authority, leaving its administration to local 
governments. Even though many states have 
enacted statewide building codes in recent 
years, most legal building codes are the laws of 
cities and towns. Each one of these codes has 
the potential to be, and often is, unique. While 
there are unifying influences on building codes 
that tend to reduce the diversity, there are a 
great many diverse building codes. 

Because the drafting of a building code is 
usually far too big a job for any but the largest 
cities to undertake, model codes are in wide
spread use as the basis for most communities. 
Individual jurisdictions often adopt one of the 
models as their legal code, but frequently the 
models are amended, so diversity still exists. 
There are three model building codes produced 
in the U.S.: 

• The Uniform Building Code, published by 
the International Conference of Building 
Officials. 

• The Standard Building Code, published by 
the Southern Building Code Congress In
ternational. 

• The BOCA National Building Code, pub
lished by the Building Officials and Code 
Administrators International. 

Produced by associations of building officials 
who have joined together in an effort to pro
duce better codes with less duplication of ef
fort, these model codes are influenced by essen
tially the same sectors of society as the local 
codes, with some obvious differences in scale. 
For example, an individual engineer might try 
to influence a decision on a local building code, 
whereas a national association of engineers 
would exert an analogous influence on a model 
code. Although the three model code associa
tions permit nearly any interested party to par
ticipate in the committee meetings they con
duct, the final decision on what the model code 
contains is made by vote of the association 
members. 

There are many other building code related 
organizations. Some function to improve build
ing codes, some increase the uniformity of 
building codes and some raise the professional 
stature and competence of building officials. 
Among these organizations are the Council of 
American Building Officials, the Model Code 
Standardization Council, the National Acad
emy of Code Administration and the National 
Conference of States on Building Codes and 
Standards. While the current trend is moving 
away from the great diversity of thousands of 
different building codes, there is still a great 
distance to go. 

The model code associations are not the ini
tial authors of everything in their codes. In
deed, the bulk of the provisions governing 
buildings today come directly or indirectly 
from hundreds of national standards that deal 
with engineering practice, material specifica
tions and test methods. Some standards are 
used as resources for the writers of model 
codes. For example, many of the provisions for 
emergency exiting in the building codes come 
from The Life Safety Code, published by the Na
tional Fire Protection Association (NFPA). (Al
though this document is named a code, it is not 
law since the NFPA is not a governmental en
tity. It is more properly called a standard.) 
Many standards are referenced in the model 
codes. 
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These standards are produced by over a 
thousand different committees in hundreds of 
different organizations. Large standards gener
ating organizations in addition to the NFPA 
include: the U.S. Department of Commerce; the 
Institute of Electrical and Electronics Engi
neers; the American Society of Heating, Refrig
eration, and Air Conditioning Engineers; and 
other professional societies. In addition, many trade 
associations produce standards, such as the 
Brick Institute of America, the American Iron 
and Steel Institute, and so on. The American 
National Standards Institute (ANSI) has gener
ated a large number of standards for many 
years, but is now moving into the role of coor
dinating the efforts and policies of many orga
nizations involved in generating standards. 

The standards-generating committee mem
bers come from many different sectors of soci
ety. Standards can be divided roughly into two 
groups based on who the decision makers are 
and how decisions are made. The first group is 
characterized by: 

• Balanced representation from all inter
ested parties. In the case of building stan
dards, members include materials suppli
ers, product producers, contractors, labor, 
designers, researchers, consumers and 
representatives of government from fed
eral, state and local levels. 

• Consensus as a basis for decision making, 
which implies substantially more than a 
majority, but not necessarily unanimity. 

• Due process in the hearing and resolution 
of all issues, including allowing adequate 
time and notice for voting and the public 
resolution of all dissenting ballots. 

ANSI standards fall into this first group, and 
ANSI also certifies other organizations that gen
erate standards following procedures with these 
characteristics, such as the American Society of 
Testing and Materials, the NFPA and others. 

The second group of standards are all those 
that are not part of the first group. The pro
totypical example of this group are proprietary 
standards issued by a trade association, as for 
example the Specification for the Design, Fabrica
tion, and Erection of Structural Steel for Buildings, 
which is published by the American Institute of 
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Steel Construction. 
The characteristics that these standards typ

ically do not possess is balance or due process. 
Both kinds of standards are widely used and 
quite important. These model codes and stan
dards are important cogs in the communication 
of information in the construction industry. 
They are applied less rigorously than legal 
building codes, or even contracts, because no 
force of law stands behind them. They have a 
much broader range of applicability than any 
legal code, however, because legal building 
codes in the U.S. do not apply over more than 
one state, and most are local (with some excep
tions like the Federal Mobile Home Construc
tion and Safety Standards). 

Seismic Codes 
The current status of earthquake provisions in 
U.S. codes is in a state of flux, with a pro
nounced east-west division. The UBC predom
inates in the West, and its seismic provisions are 
developed by SEAOC. In 1988, the UBC up
dated provisions based on the ATC 3-06 report. 
Both the National and Standard codes have his
torically made reference to, or incorporated, the 
seismic provisions of ANSI A58.l, which are 
essentially an abbreviated version of the 
SEAOC/UBC provisions. The current editions 
are based on the old UBC provisions. ASCE has 
assumed responsibility for producing what 
was ANSI A58.1. ASCE and the National and 
Standard codes are in the process of adopting 
BSSC' s Provisions into their documents. Once 
that is complete, all the model codes and the 
most referenced national standards will be up 
to date, as recommended immediately follow
ing the San Fernando Earthquake. The most 
significant difference is that the SEAOC/UBC 
provisions are based on working stress design 
methods. 

Most of the current model codes specify a 
design spectrum based on a nationwide map of 
a single seismic ground-shaking parameter 
that represents peak ground acceleration. ATC 
3-06 and the Provisions (but not the 1988 UBC) 
use two maps, which gives rise to different 
spectral shapes. All the model codes adjust the 
design spectrum for soil conditions, usually 
requiring the engineer to select one of three or 
four characteristic soil profiles. Inelastic re-



sponse is accounted for by modifying the entire 
spectrum uniformly with a factor that depends 
on the structural system. 

In the future, response spectral values will 
be mapped directly, rather than ground motion 
values. Also, the spectral values may be 
mapped for more than two periods, giving 
more discrimination in the shape of design 
spectra. It is also possible that soil factors will 
show more variation. The inelastic response 
modification factor may also show variation 
with period and with expected duration of 
strong shaking. 

Equivalent static analysis is the basis for cur
rent codes, although BSSC' s provisions and the 
1988 UBC require planar dynamic modal anal
ysis for certain classes of irregular structures. In 
the future, three-dimensional dynamic analysis 
will be required for additional classes of irreg
ular structures. Time history response analysis 
is unlikely to be required for buildings until the 
art of specifying ground motion time histories 
has improved and the cost of computing re
duces some more. Improved methods for deter
mining inelastic demand, such as sequential 
yield analysis and inelastic time history analy
sis will find their way into codes if their viabil
ity can be proven. 

Current design is based on the earthquake 
with a probability of occurrence of 0.2 percent 
in one year, producing an ultimate limit state in 
a member after applying the inelastic response 
modification factor. There may be considerable 
tinkering with this assumption. One likely ap
proach that suits lower hazard zones is a dual 
criteria in which the elastic response to a more 
frequent earthquake (say, two percent per year) 
satisfies ultimate limit states and the inelastic
ally reduced response to a more rare event (say, 
0.05 percent per year) satisfies a collapse limit 
state. Another possible approach is a two-level 
analysis: elastic for the relatively frequent event 
and inelastic demand for the rare event. 

Detailing requirements for toughness will 
necessitate some changes in the lower hazard 
zones. Due to the apparent large difference in 
demand between the relatively frequent event 
and the rare event, heavy structures are likely 
to show a higher ductility demand than is cur
rently required. There will also be a continua
tion of the trend towards specifying empirical 

requirements based on the observed perfor
mance in real earthquakes. The new require
ments related to building configuration are the 
best current example. Detailing rules for "new" 
structural systems will most probably continue 
to appear. The eccentrically braced steel frame 
is the best recent example. Coupled concrete 
shear walls and precast concrete systems are 
ripe for this development. 

The seismic provisions of the Massachusetts 
Building Code are based on UBC provisions 
that predate the 1971 San Fernando Earth
quake. The intensity of seismic loading re
quired for the Massachusetts area (Seismic 
Zone 2) in the more recent editions of the UBC 
exceeds that given in the Massachusetts code, 
except for very tall buildings. This situation 
remains doubly true for the 1976 through 1985 
editions of the UBC, in which the Boston area 
was placed in Zone 3. To make comparisons 
between the Massachusetts code and BSSC's 
Provisions, an adjustment for the difference be
tween allowable stress design and strength de
sign must be made. Once this adjustment is 
done, and using the original maps for the Pro
visions, the seismic loading intensity is compa
rable to the Massachusetts code. Using the most 
up to date maps, the intensity is comparable to 
the modern UBC. 
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Design Study 

A New Concept for 
Designing& 
Constructing Immersed 
Tube Tunnels Without 
Using Ballast 

Using caissons in immersed 
tube tunnel construction 
offers distinct advantages 
over the current method of 
installation that requires 
the use of ballast. 

ALEXANDER A. BRUDNO 
& ANTHONY R. LANCELLOTTI 

The two important construction phases 
for installing immersed tube tunnels 
(IITs) are: 

• Flotation (transporting the tube from the 
casting basin to the site); and, 

• 1he tube placement operation. 

Accordingly, the tubes must satisfy two general 
requirements: 

• 1he tube weight must be less than or 
equal to the weight of the displaced water 
during the first phase; and, 

• 1he tube must considerably exceed this 
weight after final placement for the sec
ond phase. 

After the tube is lowered into place, the final 
factor of safety against uplift varies from 1.12 
to 1.2, depending on the criteria for the specific 
project. In order to achieve the required nega
tive buoyancy, thousands of cubic yards of con
crete are usually pumped as additional ballast 
into the tube after it has been placed into the 
position onto a dredged area underwater. The 
extra space used to contain the ballast usually 
exceeds ten to 12 percent of the tube's total 
volume. Eliminating the ballast from the tube 
would result in a reduction of tube dimensions 
and, therefore, could lead to construction cost 
savings. 

Reducing tube dimensions is particularly 
important for an IIT that must be constructed 
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above an existing tunnel. In most of these cases, 
a height restriction exists that mandates that a 
minimum depth of water above the tubes 
would have to be maintained for navigation. 

In addition to the tight vertical restriction, 
another situation must be considered during 
ITT design: the possibility of accidental flood
ing of the tunnel after construction. Should 
flooding occur, the resulting loads would be 
imposed on the soil or any structure located 
below the tunnel. Once the tube was flooded, 
its load would be 4.0 to 4.5 times its service 
load. Therefore, the ITT must be supported by 
a substantial number of caissons in order to 
avoid excessive settlements and to protect any 
structure located beneath it from being 
crushed. 

An additional complication to ITT design 
development is the goal of protecting any exist
ing structure located beneath the ITT from the 
accidental dropping of a flooded tube during 
its immersion. 

Such challenging design circumstances are 
not uncommon for construction in urban areas. 
The proposed 1-90 Seaport Access Road Tunnel 
at Fort Point Channel in Boston provides an 
excellent illustration of these concerns. The 
proposed tunnel, consisting of separate tubes 
for the eastbound and westbound lanes of the 
Seaport Access Road, crosses the Fort Point 
Channel just above the existing Red Line sub
way tunnel (see Figure 1 ). This ITT is part of the 
Central Artery Depression/Third Harbor Tun
nel Project. 

The existing Red Line subway tunnel, con
structed in 1908 of unreinforced concrete, must 
remain in operation during and after construc
tion. The design of the new tunnel was further 
complicated by tight vertical clearance con
straints. To maintain sufficient clearance above 
the ITT for navigation and water flow, the ver
tical gap between the ITT and the existing sub
way tunnels decreases to 3 feet at the closest 
point (see Figure 1). Because the ITT is at the 
lowest point of the Seaport Access Road align
ment, the possibility of accidental flooding 
needed to be considered in the design. This 
enormous loading would induce considerable 
settlements of the ITT. In addition, tunnel de
sign had to take into account possible dropping 
of a flooded tube during immersion. 
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Tube Tunnel Construction 
Without Using Ballast 

One method of constructing ITTs consists of 
replacing conventional tube ballast with cais
sons located below and attached to the tube. 
The caisson gravity load and skin friction de
veloped between the soil and caissons together 
serve to resist the tube uplift. This concept is 
particularly applicable to concrete immersed 
tubes with a rectangular cross section. The rec
tangular design ITTs are becoming increasingly 
popular in the construction of multilane road 
tunnels. 

ITTs can be installed without ballast by fol
lowing these construction steps: 

1. Caissons are installed in the field along 
the future center lines of the immersed tube 
walls. 

2. The immersed tube is floated to the site, 
sunk into position and connected to an adja
cent tube unit by typical immersed tube con
struction methods. At this stage, the ITT 
temporarily rests on jack supports located at 
both ends of the tube. 

3. The immersed tube is "pinned" to the 
caissons by heavy steel bar cages that are 
placed into the caissons through 18-inch di
ameter vertical openings (wells) prefabri
cated in the tube walls. 

4. The vertical wells and caissons are filled 
with tremie concrete (see Figure 2). 

The connection of the ITT to the caissons (Steps 
3 and 4 above) is provided directly from the 
working barge. 

Required Number 
& Length of Caissons 
After construction, with the roadway wearing 
course and the protective backfill installed, the 
ITT will have between six and eight percent 
negative buoyancy. The caisson gravity load 
and skin friction would be mobilized only at 
short periods of time when additional uplift 
forces may occur due to an accidental loading 
condition or due to a significant change in 
water density. Furthermore, the skin friction 
forces would be mobilized only after all down
ward gravity forces (including caisson gravity) 
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have already been exhausted and the ITT de
velops a tendency to move upward. 

If the assumed final factor of safety for the 
ITT against uplift ranges from 1.12 to 1.2 (de
pending on the criteria for the specific project), 
the caissons themselves should be designed for 
an uplift force that is equal only to 0.06 to 0.12 
of the tube displacement weight (since the tube 
and backfill contribute between'. 1.06 to 1.08 
factor of safety). 

The total number of caissons can be com
puted by the following formula: 

Employing the standard assumption that 
skin friction for granular soils is equal to the total 
horizontal earth pressure against the caisson 
surface times the coefficient of friction, tan 8, 
between the caisson and soil, the minimum 
required length of a caisson, L, in granular soils 
could be derived from: 

T= (P-V)/<p 3 

Where: 

V = Buoyant weight of the caisson 
N=(KB-W)IP 1 T = Ultimate friction force (i.e., a function of 

Where: 

N = Total number of caissons 
K = Final factor of safety against uplift for the 

ITT 
B = Displacement weight of the tube 
W = Dead weight of the tube, including 

wearing course, protecting backfill, etc. 
P = Nominal tensile strength of one steel 

reinforcement cage connecting the tube to the 
caissons. For the typical steel bar cage made 
from eight or nine reinforcing bars, the load, P, 
varies from 150 to 200 kips per caisson. 

The minimum required length of the cais
son, L, in cohesive soils would be computed as 
follows: 

L = Pl((Tc/4)yeD2+rcDS) 2 

Where: 

L = Length of the caisson 
D = Diameter of the caisson 
P = Nominal tensile strength provided by 

the steel cage 
Ye = Buoyant weight of the concrete 
S = Skin friction 

Based on geotechnical recommendations, 
the design value for the friction of all cohesive 
soils cannot exceed the total resistance of re
duced adhesion acting over the caisson surface 
that is limited to 0.25 to 0.7 kips per square foot 
(tension and smoothness of steel case are taken 
into account). 
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L) 
<p = Factor of safety 

The factor of safety, <p, in Equation 3 is based 
on the fact that friction forces gain their 
ultimate value after the upward movement be
gins. 

Solving Equation 3 for the caisson length, L, 
results in: 

L = 0_25 Ye . Dcp . [ (l 32P.Ko Ys tan8) ½ _ l] 4 
Ys Ko tan8 rcD3 (f)"Fc 

Some of the components of Equation 4 should 
be treated as constants for practical purposes: 

• Ye, the buoyant unit weight of concrete is 
equal to 0.085; 

• ys, the submerged unit weight of soil is 
equal to 0.06; 

• Ko, the ratio of horizontal to vertical effec
tive stress on the side of the drilled caisson 
when it is in tension is less than or equal 
to 0.4; 

• 8, the friction angle for steel shell can be 
taken as 15; 

• And the factor of safety, <p, is assumed to 
be 2.0 (for short-term uplift loading). 

Substituting these values into Equation 4, 
the required length of the caisson can be ex
pressed as: 

L = 6.3D[(1+5(PIIY))112-1J 5 

In situations where the caissons are distrib
uted along the walls in groups of two or three, 
the calculation of the caisson length should be 
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modified for the condition of group resistance 
of the caissons for uplift. 

The Location of the Caissons 
To protect against flooding effects, the caissons 
are sited under and along the longitudinal 
structural walls. The effective (equally loaded) 
caisson distribution can be achieved by the fol
lowing two-step procedure. First, the required 
number of caissons, N, should be distributed 
in the transverse direction among the longitu
dinal walls by dividing that number on the 
fragments proportionally to the wall's contrib
utory area (in plan). Then, the caissons of each 
fragment are distributed in the longitudinal 
direction along each wall independently. 

For tubes with parallel walls, the caissons 
should be distributed in the longitudinal direc
tion with approximately equal spans. 

For the ITT that crosses over an existing 
tunnel, the caissons should be distributed 
along the longitudinal walls in groups of two 
or three caissons. The distance between cais
sons in these groups should be kept to mini
mum distances; however, there should be large 
spans between the caisson groups. The width 
of the existing tunnel governs the length of the 
largest span of the ITT. The ideal condition -
equally loaded caissons - can be obtained if 
every caisson group is considered as the single 
support of a continuous beam. This calculation 
method yields results that are fairly consistent 
with results of the finite element method of 
analysis for the wall-caisson system. 

Construction Procedure 
Since the stiffness of the existing Red Line sub
way tunnel, which is supported in till, is much 
greater than that of the surrounding soil (Bos
ton blue clay), significant reaction forces would 
be concentrated on the existing tunnel if flood
ing occurred. To avoid this situation, the pre
liminary design to support the ITT utilized a 
number of caissons to transfer the loading to 
the till and, thus, avoid imposing the loads on 
the Red Line tunnel. 

The required diameter and number of cais
sons were calculated based, in part, on the bear
ing capacity of the till. Preliminary calculations 
have indicated that approximately 36 and 47 
six-foot diameter caissons would be required 
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for the westbound and eastbound tubes, re
spectively. Special procedures for caisson con
struction and their connection to the ITT were 
considered as a part of the preliminary design. 

The construction sequence for installing 
caissons for an ITT entails (see Figure 2): 

1. A six-foot diameter caisson steel shell is 
driven to the required position from a work
ing barge. 

2. A five-foot diameter cage of reinforcing 
steel is lowered into the caisson and tremie 
concrete is placed to within five to six feet 
from the top of the caisson (first pour). 

3. The steel shell, with its top extended 
above the water level, is dewatered and any 
debris is removed. 

4. A 30-inch diameter corrugated pipe is 
then installed in line with the theoretical 
centers established by surveying for every 
driven caisson. The space between the steel 
shell and the corrugated pipe is filled with 
concrete (in the dry) up to the required level 
at the top of caisson (second pour). 

5. A tire is installed and anchored by sev
eral bolts to the concrete. The steel shell is 
then filled with water and a diver burns off 
the shell exactly to the required elevation. 

Steps 1 through 5 must be repeated for 
each caisson. When the entire procedure has 
been completed, the caissons would then be 
capable of receiving the hypothetical loads 
imposed by accidentally dropping a flooded 
tube, or by flooding when once in place. 

6. After the immersed tube is installed in 
its final position and it is connected to a 
previously sited unit, the steel reinforcing 
cages are lowered into the caissons through 
the openings in the tube walls. Then, the 
corrugated pipes in the caissons and the 
openings in walls are filled by tremie con
crete (third pour), thus completing the per
manent connection of the immersed tube to 
the caissons. 

However, the construction sequence out
lined above should not be implemented if the 
project meets one or more of the following cri
teria: 

• The ITT does not cross an existing tunnel. 
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FIGURE 3. An alternative caisson construction sequence. 

• The ITT does cross over an existing tun
nel, but the accidental flooding of the ITT 
during its immersion is precluded. The 
full hermetic seal of all hatches and the 
bulk heads is provided during this period 
of time. 

• The required caissons have a diameter 
smaller than six feet and worker access is 
not available inside the caisson. 

In such cases, the construction should pro
ceed as follows (see Figure 3): 

1. The guide pipe and case pipe, initially 
mechanically coupled, are installed on a 

dredged bottom of the river from a working 
barge (see Figure 3a). 

2. Using conventional drilling equip
ment, the pipe system is lowered into the soil 
to position the case pipe at the project level 
(at a minimum of five inches above the 
dredge line). Then, drilling in soil is con
ducted to the required depth with the pro
tection of drilling mud (slurry). 

3. The steel reinforcing cage is then in
stalled and the caisson is tremied with con
crete to above the low end of the case pipe and 
excess mud is pumped out (see Figure 3b ). 

4. The pipes are uncoupled and the casing 
cap is assembled on top of the case pipe by 
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a diver. The caisson is now be ready to re
ceive the ITT (see Figure 3c). 

5. After final tube installation, the steel 
reinforcing cages are lowered from the barge 
into the caissons through the wells in the 
walls and tremied in place with concrete. 

The casing cap (see Figure 4) is intended to 
account for the tolerances that are possible d ur
ing the installation of the caissons and the im
mersed tube. The cap is designed in such a way 
that it can be easily delivered under water in 
one piece and quickly connected to the caisson. 
The cap consists of a circumferential strip and 
an angular rim, connected to each other by six 
(or eight) partially compressed springs. The 
angular rim is broken into several segments 
that are connected by bolts and spacers. The 
spacers are used temporarily to increase the 
diameter of the rim by two or three inches in 
order to ease installation. The spacers must be 
removed before the rim segments can be tight
ened on the caisson. 

The nylon perforated skirt surrounds the 
cap from the outside. The total weight of the 
cap does not exceed 150 pounds and can be 
easily manipulated by two divers. 

Advantages of Caisson Construction 
Connecting an ITT to caissons through vertical 
wells that are prefabricated in the tube walls 
has the following advantages: 

• A reliable structural connection can be 
made directly from a moored working 
barge without any negative impact on the 
tube waterproofing system. 

• The need to place a considerable amount 
of concrete ballast inside the ITT is elimi
nated. 

• The overall vertical dimension of the tun
nel is reduced. 

• The need to screed the bottom or to pre
pare an elaborate sand bedding under the 
tubes is eliminated. 

• The amount of dredging in the crossing 
area is reduced. 

• The amount of structural concrete and 
reinforcement of the tube is reduced. 

• Bending stresses in the tunnel due to po
tential settlements are eliminated. 

Cost Considerations 

The proposed method for construction of im
mersed tube tunnels can be cost-effective when 
compared to more conventional alternatives. 
For example, cost estimates made during the 
preliminary design for the Fort Point Channel 
immersed tubes on the Central Artery Depres
sion/Third Harbor Tunnel Project indicate that 
this method may result in a $5 million savings 
when compared to the previous design, which 
required the immersed tube to be ballasted. 

This method is most efficient for those cases 
when the caissons serve a dual purpose: protect
ing an existing tunnel crossed by a new tunnel 
and eliminating the ballast layer from inside 
the new tunnel. In conventional situations, 
when the ITT does not cross an existing tunnel, 
the proposed method can still be cost-effective. 
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Survey 

A Visit to Eastern 
Europe: Urban Drainage 
Conference & ASCE 
Technical Visitations 

A direct exchange of 
information on new techniques 
or projects can help in 
developing greater insights that 
could be successfully integrated 
into current practice. 

DAVID L. WESTERLING 

Given the scale and cost of the project to 
clean up Boston Harbor, it is a distinct 
advantage to remain current on con

cepts and technologies that may be effectively 
implemented in solving a major source of pol
lution in the harbor- namely, combined sewer 
overflows. The New Technologies in Urban 
Drainage Conference (UDT 91) in June 1991 at 
Dubrovnik, Yugoslavia, provided an opportu
nity to learn about recent developments first
hand. In addition, the associated American So
ciety of Civil Engineers (ASCE) Technical 
Visitation Program provided an exchange of 
information on current, and anticipated, prac-

tices (as well as constraints on practices) in 
Austria, Hungary and Czechoslovakia. 

New Technologies in 
Urban Drainage Conference 
At UDT 91, new developments in meteorolog
ical and hydrological data measurement and 
collection were presented as well as informa
tion on system control and modeling. 

Rainfall Quantity & Quality 
On October 3, 1988, over 26 centimeters (10.2 
inches) of rain fell on the small village of Nim es, 
France, in less than five hours.1 European engi
neers are still amazed at the volume of this 
short-duration storm. Using this event as a 
backdrop, the European design community is 
looking into the value of an historical rain series 
method versus a statistical analysis method. 

The historical streamflow method is difficult 
to establish for many locations in Europe. This 
difficulty is due, in part, to the lack of sufficient 
long-term stream gaging on catchments of di
verse sizes and geographic characteristics. It is 
also due, in part, to the language differences 
within and across geographic regions. How-
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TABLE 1 
Number & Density of 

Rain Gage Stations in Yugoslavia 

Observation Period in Years 

40 35 30 25 20 

Number of 
Stations 11 35 7 4 118 156 
Density 
(km2/Station) 23,254 7,308 3,457 2,167 1,639 

ever, European hydrologists are beginning to 
tum to statistical methods based on rainfall 
measurements. 

These methods use rainfall intensity
frequency-duration records to synthesize 
streamflow. During a discussion of the Euro
pean part of the Mediterranean Basin, it was 
pointed out that many countries have not con
ducted comprehensive statistical analyses of 
short-duration storms. One presenter at the 
conference stated that: "According to some of 
our colleagues at Italian universities, no syn
thetic information, on a national basis, yet ex
ists for Italy."2 While each country has per
formed some sort of rainfall analysis, there 
appears to be a lack of coordination among 
countries in definite geographic regions to 
share data in order to undertake more mean
ingful analyses. 

Rainfall analysis in Europe varies from 
country to country. For example, Yugoslavia is 
lacking long-term rain gage data as shown in 
Table 1. When the data are available, conven
tional intensity-duration-return (IDR} curves 
have been used to determine dimensionless 
hyetographs (rainfall rate versus time curves) 
with a given probability.3 The drainage engi
neer must then, of course, design appropriate 
storage facilities and evaluate water quality on 
a range of design storm durations. 

The European Community is becoming in
creasingly wary of the effects of industrializa
tion on their atmosphere. Surprisingly, in an 
evaluation of the rainwater quality at Toulouse, 
France, increased levels of cadmium of essen
tially atmospheric origin were found in rainwa-
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ter samples collected from five locations over a 
period of time. However, acid rain does not 
appear in any significant way in rainfall col
lected in Toulouse.4 

Application of Radar & Satellites 
European engineers make extensive use of 
weather radar in sewer system management, 
including wastewater treatment facility opera
tion. The weather radar systems are used for 
general forecasting and are organized on a 
country-by-country basis. Sewer operators also 
are installing weather radar facilities for their 
own short-term forecasting requirements. 

Hydrologists involved with sewer system 
design and operation are investigating the op
timization of radar locations, the suitability of 
operating protocol, and the collection and dis
tribution of information.5 For example, the 
Seine-Saint-Denis county (greater Paris area) 
real time control system (RTCS) for pollution 
control and flood prevention has been operat
ing since 1982. The RTCS includes more than 
100 remote control stations. About 70 percent 
of these stations transmit alarms and measure
ments; the remainder are regulating stations 
that perform tasks or computations automati
cally. More than 2,000 data points are available 
at the control center, providing meteorological 
updates every five minutes. Rainfall forecasts 
are also updated at five-minute intervals using 
a second moments cloud tracking model.6 

Another example of the application of a 
weather radar system to a drainage system is 
provided by the Tokyo Metropolitan Sewer 
System. As shown in Figure 1, two radar sta
tions have been installed as part of the sewer 
system. The weather radar stations have a ra
dius of 40 kilometers (25 miles) and are divided 
to furnish a mesh coverage of 20,480 units. Each 
unit covers about 500 square meters (1,600 
square feet). The radar rainfall information is 
sent to a central processing unit along with data 
from 41 rain gaging stations. Operators use this 
information to operate the system's 67 pump 
stations and ten wastewater treatment plants. 
The system engineers are presently studying 
the possibility of a forecast system that incor
porates real time control in order to assist pump 
station operation.7 This weather radar system 
is part of a greater sewer system operation plan 
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FIGURE 1. Observation range of the Tokyo radar rain gage system and the mesh formation of 
the radar observation coverage. 

that includes a sewerage mapping and infor
mation system. 

Flow Measurement 
& Data Acquisition Systems 
Datalogging and data acquisition systems are 
required for the analysis of sewer system oper
ation. The data are used to calibrate and verify 
simulation models. The conference stressed 
that good data acquisition systems require a 
careful study that encompasses planning, bid
ding, installation, testing and monitoring oper
ation. For the village of Fehraldorf in Switzer
land, which has a population of 5,000 and has 
five combined sewer overflows, Table 2 pres
ents the resources that were needed to establish 
a good data acquisition system. 

In another interesting area of data acquisi
tion, French engineers have been testing the 
validity of ultrasonic measurement of velocity. 
Their results have shown that current technol
ogy provides a measurement accuracy range 
from one to seven percent. This degree of accu
racy is based on proper installation and ade
quate calibration of the ultrasonic sensors.9 

New Approaches in 
Rainfall-Runoff Modeling 
The use of the rational method for the design of 

storm sewers is popular worldwide. This 
method utilizes a terrain-based runoff coeffi
cient, C, to calculate the runoff rate from a storm 

TABLE 2 
Resources Needed for a Medium-Sized 

Data Acqusition System8 

Phase Resource(s) 

Planning 60 Man Days, City Engineer 
120 Man Days, Consulting Engr. 

Bidding 240 man days 

Installation $23,700, 6 Rain Gages 
$11,900, Equipment 
$59,000, Central Data 

Transmission 
150 Man Days 

Testing $6,000, Testing Equipment 
270 Man Days 

Operation 2 Part-Time Technicians 
Routine Operation of 1 Rain Gage 
13 Water Level Gages 
1 Electromagnetic Flow Meter 
2 Sluice Gates 
3 Diversions 
3 Pumps 
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event of known or assumed rainfall intensity 
and drainage area. But this method poses the 
problem of whether the catchment response is 
constant for different storm events - i.e., 
whether the C value really is a constant. Several 
hydrol<;>gists feel that assuming a constant re
sponse may lead to significant errors. There
fore, they suggest alternative design methods. 
These methods include kinematic wave the
ory, 10 nonlinear programming, 11 diffuse wave 
theory ( also known as the Belgrade model of 
urban sewers [BEMUS])12 and finite element 
modeling.13 

Many European designers are using a pro
gram developed by the Danish Hydraulic Insti
tute to design their storm sewers.13 This mod
eling program uses a modified diffusive wave 
approximation for computing runoff and pro
vides extensive graphic capabilities along with 
a very user-friendly interface. 

Water Quality in Sewer Systems 
& in Receiving Waters 
Recently, drainage system design throughout 
the world has been focusing on receiving water 
quality. Adding advection and diffusion pro
cesses to hydrodynamic and sediment trans
port models has changed the modeling of the 
receiving waters.14 

Sewer design engineers worldwide are now 
perceiving a trend toward integrating system 
components - such as the catchment, runoff 
system, wastewater treatment plant and receiv
ing waters - into a total design plan. The shift 
is now to designing in order to ensure total 
system performance.15 Thus, focusing on the 
receiving water quality requires that the entire 
system be evaluated. One U.S. Environmental 
Protection Agency (EPA) official has called for 
integrated stormwater management and has 
stated that effective wet-weather pollution 
methodology must take into consideration:16 

• The effects of wet-weather pollution in 
lieu of blindly upgrading existing munic
ipal wastewater treatment plants; 

• Structural versus nonstructural tech
niques; 

• Integrating systems and controls in order 
to maximize use of previously existing 
systems; and, 
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• The percent of pollution controlled versus 
cost curve. 

Real Time Control 
An urban drainage system (UDS) is operated in 
real time if process data, which is currently 
monitored in the system, is used to control 
regulators during the actual sewer system op
eration (see "The Feasibility of Real Time Con
trol of Combined Sewer Overflows" on pages 
17 to 26 of this issue for a longer discussion of 
real time control).17 This type of UDS operation 
is dynamic and not static. For example, a static 
sewer could be designed for a ten-year storm of 
a given duration and with a uniform areal rain
fall. Rainfall isohyetal graphs usually show that 
rainfall is not uniform, but that numerous 
peaks in rainfall occur at different times and 
places within the sewer system's area. Thus, in 
the design storm, overflows occur in certain 
areas while there is unused capacity in other 
areas. Remembering that the catchment area 
does not react in a constant fashion to various 
storm events, it is evident that dynamic system 
operation can be a truly effective pollution 
abatement method. 

With the publication of the U.S. EPA's "Final 
National Combined Sewer Overflow (CSO) 
Control Strategy" in August 1989, many water 
treatment authorities in the U.S. are now look
ing to real time control to contribute to the 
solution of their CSO problems. Real time con
trol has been applied to sewer collection sys
tems in Europe with successful results.18 In the 
city of Ense-Bremen, in Germany, an RTCS has 
been applied to an existing sewer system that 
has six detention facilities in a semi-urban 
catchment (see Figure 2). The control of flows 
throughout the system and into the treatment 
plant is executed by both local and remote sys
tems. A data acquisition system is used to mon
itor operational status as a storm passes over 
the catchment. The system's objective is to op
timize existing wastewater storage and treat
ment capacities throughout the storm event. 
Weyland and Dohmann summarize the RTCS' s 
design goal: 

"The aim of the real time control system 
which is applied in the sewerage of Ense
Bremen is the management of flow and stor-
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FIGURE 2. Schematic of the Ense-Bremen combined sewer system. 

age events in such a way that an even degree 
of storage capacity should be achieved at 
any detention tank at any time. Thus, a dis
charge of CSO into the receiving waters 
should first occur if all available storage vol
ume is completely filled." 18 

In an RTCS, a control algorithm acts as an op-

erating tool in order to minimize overflows. 
The results of real time control applications are 
shown in Figure 3 for each of the detention 
facilities at Ense-Bremen. 

Digital Mapping Systems 
Increased restrictions on pollution due to 
storms (CSO events) are being imposed at a 
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FIGURE 3. A graph showing the changes in the number of annual CSO events for each 
detention facility at Ense-Bremen. 

time when digital mapping systems are coming 
into their own. Digital mapping systems are 
one of the most useful new technologies that 
have been developed for application in an UDS. 

The heart of a digital mapping system is a 
spatial database that permits sewer utilities to 
control their capital resources (including collec
tion systems and wastewater treatment 
plants ).19 The computer mapping system is 
used to translate the large database that covers 
the sewer collection system into a very effective 
tool for system operation and maintenance. 

Some UDS authorities have utilized one type 
of database for these systems: the geographic 
information system used primarily for plan
ning. Using large-scale-base maps, the sewer 
operator is able to overview the system. 

Other authorities have favored a cadastral
based digital mapping system that utilizes 
plane coordinates to furnish details for site 
maps. Data for this type of system are taken 
from manhole record cards and from detailed 
as-built construction plans and street layouts. 
All of these maps are linked to permit zoom-in 
or zoom-out features. 20-22 

Tokyo has undertaken implementing a digi-
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tal mapping system for its UDS that includes 
400,000 manholes, 1,600,000 inlets and 8,153 
miles of pipe.7 The digital mapping system for 
greater Tokyo was put on-line in 1986 and will 
be 90 percent complete this year. Figure 4 shows 
a sample of the mapping system's digitized 
sewer system plot. The mapping system uses a 
mini-computer as host and the estimated cost 
for entering all the system data is $30 million. 

ASCE Technical Visitations 
The ASCE 1991 Technical Visitation program 
included meetings with and presentations by 
engineers, site visits, and meetings with consul
tants and university representatives. The visit
ing group of American civil engineers included 
ASCE President James E. "Tom" Sawyer, ASCE 
Executive Director Edward Pfrang, and prac
ticing consulting engineers and civil engineer
ing faculty from U.S. universities and colleges. 
The portion of the itinerary reported here is 
presented in Table 3. 

Subway Site Under 
Construction in Vienna 
The Vienna U-Bahn (underground rail) system 



~a.tL 
® 

t,O N _. .... "' , U1 0 
O 0 

"' 

From Ref. 7 

~ 100 

,e.o&, 10.00 ~ 
~28.S0 -2.~ 

I 
.... ,... \ 

------ ------

FIGURE 4. A digitized map from Tokyo's sewerage and mapping information system. 

was designed to operate in conjunction with 
existing surface trolleys and buses (see Figure 
5). Surface trolleys began operation in Vienna 
in 1898, one year after the enfranchisement by 
the Massachusetts Legislature of the newly or
ganized Boston Elevated Railway Company. 23 

Underground transit systems are constructed 
when above-ground systems are considered to 
be impractical. The development of Boston's 
subway system provides an example of the 
technical, financial and political issues that af
fect most modem mass transit systems. Al
phaeus Thomas Mason summarized the begin
ning of Boston's subways: 

"Prior to 1893 congestion in the business 
center had already become intolerable .... 
[It] could be entered through only two main 
arteries - Tremont and Washington streets. 
High real estate values in this area made it 
financially impracticable to widen streets, 
open new thoroughfares, or build an ele
vated. The city itself therefore constructed a 
subway under Tremont Street. Gathering up 
traffic from trolley lines extending miles into 
the suburbs, the subway provided the one 
route for surf ace and elevated cars through 
the heart of the city. With the subway in 

municipal hands and leased to the Elevated 
on short and reasonable terms, the city still 
had command and could thereby circum
vent, perhaps, the extraordinary charter 
privileges granted in 1897."23 

Construction for Vienna's subway began in 
1974. Helmut Zilk, mayor of Vienna, has 
stated: 

TABLE 3 
Visitation Schedule 

Date Description of Activities 

6/11/91 Subway Site Under Construction, 
Vienna, Austria 

6/11/91 Meetings at the Slovak Technical 
University, Bratislava, 
Czechoslovakia 

6/14/91 Meetings With the Hungarian 
Engineering Societies, Budapest, 
Hungary 

6/14/91 Automobile Manufacturing Plant 
Under Construction, Esztergom, 
Hungary 
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FIGURE 5. A system map of the Vienna U-Bahn subway. 

"The opening of the first section of the 
underground railway in Vienna in the mid-
1970s marked the beginning of an era with 
countless advantages, without which every
day life in the federal capital can no longer 
be imagined. Not only is the U-Bahn an ex
tremely quick, efficient, safe and ecologi
cally beneficial means of transport; it is no 
doubt the most attractive alternative and 
most efficacious competition for private car 
traffic which poses great problems to big 
cities worldwide."24 

The construction of the U-Bahn's U3-U6 ter
minal was the topic of the informational meet
ing and an escorted construction site visit, in
cluding the presentation of an overview of the 
U3 segment of the subway system by Walter J. 
Hinkel, chief engineer for U-Bahn-Bau. The U3-
U6 station is being constructed below the Eu
roplatz, a plaza in front of the existing railroad 
station and below Gerstnerstrasse, a major city 
street. 

The problems of maintaining local traffic 
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and business activities are severe. Over 90,000 
vehicles use the roadways above the station 
each day. Eight trolley lines traverse the surface 
area above the station with 144 trolleys in oper
ation. And, over 4,500 pedestrians, mostly peo
ple changing trolleys, throng the square.24 

When completed, the U3-U6 station will be 
one of the largest interchange stations in Aus
tria. It will have a capacity of 24,000 users per 
day, including 10,000 people during peak eve
ning rush hours. The platform area of the sta
tion will encompass 4,750 square meters (1.2 
acres). 

The U3-U6 station is one of seventeen sta
tions that are currently under construction for 
the 13.5-kilometer (9.2-mile) U3 subway line. 
The line will take ten years to construct, and by 
the end of the 1990s it will be the largest con
struction project ever undertaken in Vienna. 
Trains will operate every three minutes and 
will utilize 87 "Silver Arrow" double power 
cars. 

Subsurface Conditions. The U3 underground 
railway runs from the Danube River valley in 
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FIGURE 6. Simplified subsurface conditions in the vicinity of the U3-U6 station in Vienna. 

the east to the Ottakring on a high terrace to the 
west. The soil conditions range from a mixture 
of sand and gravel river deposits to silt and clay 
deposits at higher elevations to the west. Al
though bedrock was not encountered, fault 
lines in the alluvial soil reflect shifting bedrock 
below. Most of the U-Bahn is constructed below 
the natural water table and extensive dewatering 
and groundwater equalization methods were re
quired. A subsurface cross-section in the vicin
ity of the U3-U6 station is shown in Figure 6. 

Construction Techniques. Two principal meth
ods were employed to construct the U3 sub
way line: open excavation using diaphragm 
walls, and the New Austrian Tunneling 
Method (NATM). NATM consists of: 

1. The ground is dug out meter by meter 
from a startup shaft with the aid of conven
tional excavating equipment or boring ma
chines. 

2. The ground is secured in cross sections 

by steel arches, structural steel grills and 
shotcrete. 

3. Excavation and reinforcement are done 
in three installments - the upper third first, 
then the middle and finally the base - until 
the entire elliptical tunnel ring is completed. 

4. A 40-centimeter (16-inch) thick inner 
concrete shell is then poured in place using 
pre-cut and pre-bent reinforcing bars and 
reusable steel forms. 

NATM was used for a 110-meter (361-foot) 
stretch of the subway cross section. N ATM had 
been used already in the U3 project for 5,783 
meters (3.6 miles) of single-track tubes, 402 me
ters (1,319 feet) of station tubes and 358 meters 
(1,175 feet) of cuts and connecting galleries. 

At the U3-U6 station, a triple tube is being 
built that requires six-phase construction. All of 
the phases utilize NATM. This type of tunnel
ing was required because the station lies di
rectly under the office building that houses the 
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Austrian Federal Railway office and under a 
small city square that is a nature preserve. A 
modified soil fracturing technique was em
ployed under the railway office building to 
limit settlements. This technique involved set
ting three injection shafts close to the building 
and then drilling horizontal injection shafts 
below the building but above the proposed 
subway tunnel. A series of settlement monitor
ing devices, including 9,000 meters (5.6 miles) 
of boreholes supplied information on settle
ment. As construction proceeded, cement mix
ture injections were made to reduce settlement. 
Fifty-four percent of the expected settlements 
were prevented. Figure 7 presents views of the 
settlement reduction plan. 

Meetings at the 
Slovak Technical University 
The Czechoslovak Scientific and Technical So
ciety hosted a meeting in Bratislava. Several 
papers were presented at this meeting on engi
neering projects in Czechoslovakia that are cur
rently underway. 

The Gabcikovo-Nagymaros Project. The 
Gabcikovo-Nagymaros Project (GNP) is a 
water resource project on the Danube River that 
was planned to provide hydroelectric energy, 
flood protection and navigation im
provements. The project is only half completed 
and may never be fully completed as initially 
planned due to environmental opposition, po
litical changes and financial problems. 

The GNP involves two major dams on a 
portion of the Danube River lying between 
Bratislava, Czechoslovakia, upstream and Bu
dapest, Hungary, downstream (see Figure 8). 
The upstream dam is the Dunakiliti Weir, lo
cated downstream of Bratislava. The other dam 
is at Nagymaros, Hungary, just upstream of the 
Danube Bend and Budapest. Associated with 
the Dunakiliti Weir is a power/ navigation 
canal that runs 17 kilometers (10.6 miles) down
stream to a power station at Gabcikovo, 
Czechoslovakia. The GNP was designed to de
liver a capacity of 878 megawatts of electric 
power at daily peak periods and an estimated 
3.7 billion kilowatt-hours of electric energy. 

The project was the result of a bilateral treaty 
that was signed in 1977 between the former 
Communist governments in Czechoslovakia 
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and Hungary. Work in design and construction 
proceeded until 1983 when both countries 
agreed to a four-year construction delay. Dur
ing the 1980s, an environmental movement in 
the Communist Hungarian state, along with 
severe economic constraints, caused Hungary 
to withdraw its support and abandon the proj
ect. An impasse currently exists between the 
two countries regarding the status of the proj
ect. Table 4 presents an approximate break
down of the monies spent to date on the proj
ect. 25 

The project would impact navigation not 
only in Hungary and Czechoslovakia, but on 
the entire Danube River. Another major water 
resource project, the Rhine-Main-Danube 
Canal, was completed in September 1992. This 
major canal project links the Baltic Sea with the 
Mediterranean. The Danube River Commis
sion (that comprises the eight riparian owners 
along the Danube) is concerned about the 
maintenance of the existing navigational chan
nel if the Dunakiliti-Gabcikovo power canal is 
not put into service. 

Some European civil engineers feel that the 
impact of the Rhine-Main-Danube Canal may 
not be as significant as expected. Transporta
tion officials believe that new roadways with 
efficient truck capabilities and new rail trans
port facilities could easily be more efficient than 
the existing barge cargo transport system. For 
example, a new automobile factory in Hungary, 
located near the Danube River will not have 
access to the river. 

Czechoslovakia's Transportation System. 
Czechoslovakia's location at the geographic 
center of Europe makes it an important link 
between Western Europe and the Ukraine.26 

Rail, road and air transport systems in Czecho
slovakia need to be linked into a combined 
transport system. However, many hurdles 
must be overcome. 

In 1989, the Czechoslovakian railway sys
tem carried about 2.3 billion passenger miles 
and approximately 340 million tons of goods. 
Railway use is promoted in that country be
cause it provides energy savings, impacts the 
environment minimally and offers an excellent 
safety record. Two recent international agree
men ts will help shape the future of 
Czechoslovakia's railways. The first agreement 
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concerns incorporation into the international 
railway network. Reconstructed tracks will be 
designed for 160 kilometers per hour [kmph] 
(100 miles per hour [mph]) and new tracks will 
be designed for 250 kmph (156 mph). The sec
ond agreement defines Czechoslovakia's part 
in the Trans-European North-South Railway 
Project sponsored by the European Commu
nity. Upgrades are planned in a three-stage con
struction plan that is scheduled for completion 
in 2020. The estimated cost is $6.9 billion. 

Czechoslovakia's motorways, as shown in 
Figure 9, are equivalent to our interstate road 

TABLE 4 
Estimated Costs & Funds Spent 

on the Gabcikovo-Nagymaros Project 
as of June 1991 24 

Country 

Total 
Estimated 
Costs 
(millions) 

Czechoslovakia $630 

Hungary $713 

Money 
Spentto Percent 
Date of Total 
(millions) Cost 

$533 84 

$291 41 
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system. Since 1967, about 500 kilometers (311 
miles) of highways have been built. The total 
designed length of their highway system is 
planned to be 1,835 kilometers (1,140 miles). 
The main axis would link Germany and the 
Ukraine. The roads are designed for 80 kmph 
(50 mph) in mountainous regions and 120 
kmph (75 mph) in flat valley regions. 

Some of the problems in completing the 
highway system are:27 

• Inadequate financing 
• Ineffective system for highway manage

ment 
• Inexperience in applying thin resurfacing 

layers and pavement rehabilitation 
• No environmental controls on road con

struction 
• Lack of auto emissions standards. 

In 1990, seven airports were opened in the 
country to international travel. The country's 
principal airport at Prague handled 1.95 mil
lion passengers in 1990. The second major air
port in Bratislava handled 0.5 million passen
gers in 1990. Both of these airports are 
scheduled for expansion with new runways 
and larger facilities. One international airport 
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FIGURE 9. The layout of Czechoslovakia's highway network. 

is presently closed for runway repairs and sev
eral proposed national airports currently have 
short grass runways. 

Reducing Energy Consumption in Existing Res
idential Buildings. In 1980, there were 4,996,329 
people living in the Slovak Republic (the south
ern half of Czechoslovakia). Housing consisted 
of 1,413,932 living units. 28 Fifty-eight percent of 
these living units were located in single-family 
dwellings and 40 percent were located in resi
dential buildings. Most of the units in residen- · 
tial buildings were built from 1960 to 1980. 
These buildings are large, high-rise, concrete 
block structures. The average size of a living 
unit is 82 cubic meters (2,896 cubic feet). Forty
eight percent of the units are heated with solid 
fuel (coal) that causes severe air pollution in 
urban areas. Research is underway to deter
mine ways of insulating these units to reduce 
energy consumption. 

Meetings With the Hungarian 
Engineering Societies in Budapest 
The civil engineering professional structure in 
Hungary is broken down by discipline. The 
related societies include: 

• The Scientific Society for Building 
• The Scientific Society for Transport 
• The Hungarian Hydrological Society 
• The Hungarian Society of Surveying and 

Remote Sensing 

The Scientific Society for Building is head
quartered in Budapest and includes structural 
and construction engineering disciplines. The 
society organizes meetings and lectures for its 
5,300 members. The society also provides a 
forum for publications relating to build
ing/ structural engineering.29 

The Scientific Society for Transport has 9,000 
members and is divided into five divisions: 
railway, waterway, city transport, building traf
fic (local) and universal traffic (intercity). This 
society organizes technical meetings and 
courses related to transportation engineering. 
It also supports a high school and college out
reach effort.30 

Founded in 1866, the Hungarian Hydrolog
ical Society deals with all aspects of the water 
cycle. The society's 5,000 members include en
gineers, chemists, biologists and other scien
tists. It publishes a hydrological journal and is 
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FIGURE 10. Isometric view of the main building envelope of the automobile factory. 

a member of the International Water Supply 
Federation, the Limnology Society and the In
ternational Society of Agricultural Engineers. 31 

The Hungarian Society of Surveying and 
Remote Sensing, founded in April 1956, has 
2,000 members. It meets in a general assembly 
every two years. The society maintains a bibli
ography of mapping and related topics dating 
from 1498. The Surveying Medal of Honor is 
named the "Lazardal Medal" after the maker of 
the map of Hungary drawn in 1527. The society 
has many joint meetings with the German and 
Austrian surveying groups and it is a member of 
the International Cartographic Association.32 

The education of civil engineers in Hungary 
occurs in varying stages of complexity. Civil 
technicians are trained in technical schools that 
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provide four years of high school education 
and require a comprehensive examination for 
certification. Each high school belongs to a uni
versity program. The Budapest Technical Uni
versity is the main education center for civil 
engineers in Hungary. Other universities spe
cialize in related topics, such as at the univer
sity located at Sopron that provides degrees in 
forestry and mining. 

Site Visit to an Automobile 
Manufacturing Facility in Esztergom, 
Hungary 
This new automobile assembly plant being 
constructed by Hungarian contractors will pro
vide 32,000 square meters (7.9 acres) of working 
space. The plant will include a stamping shop, 



welding shop, assembly shop and paint shop. 
The main building is made almost entirely of 
pre-cast, reinforced concrete. The pillar con
struction is based on a 12- by 18-meter (40- by 
60-foot) bay.33 The building is covered with a 
lightweight steel roof deck and sides of trape
zoidal sheets. The exterior walls of the assem
bly shop are constructed of brick. An isometric 
view of the main building envelope is pre
sented in Figure 10. 

A former Soviet Army base, the site is a flat 
one, located on a terraced flood plain above the 
Danube Bend area near Esztergom. No water 
terminal is planned for this plant on the Dan
ube River. Railroads will serve the site. The 
subsurface consists of river deposits of sandy 
silts with some gravel and provides excellent 
foundation conditions. 
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Journal 

Hydraulic Engineering 
in The Nether lands: 
A Visit by the Tufts 
ASCE Student Chapter 

Since over half of their country 
lies below sea level, the Dutch 
have developed highly refined 
facilities for hydraulic research 
that have practical and vital 
application worldwide. 

Eight civil engineering students at Tufts 
University in Medford, Massachusetts, par
ticipated in the International Concrete 

Canoe Competition on May 29-30, 1992, that was 
sponsored by the Delft University of Technology, in 
Delft, The Netherlands. The participants were mem
bers of the Tufts ASCE Student Chapter and in
cluded: 

• Six seniors - Eleanor Allen, Patrick John
ston, Genevieve Dyer, Robert Kefalas, Anna 
Jensen and Normita Villamar; 

• One junior - Christopher Bell; and, 
• One sophomore - Joshua Gould. 

The head of the civil engineering program at Tufts, 
Professor Linfield C. Brown, accompanied the stu
dents. 

The incentive for this trip came about because 
Tufts was invited to be the first and only American 
team to compete in the 16th annual International 
Concrete Canoe Competition in Delft. This concrete 
canoe race was part of the celebration of the Delft 
University of Technology's 150 years of existence. 
The opportunity to travel to The Netherlands al
lowed the Tufts students to visit famous hydraulic 
engineering works, such as one of the Delft Hydrau
lics Laboratories and the storm surge barrier in the 
Eastern Scheidt. 

The trip lasted eight days. This article, written by 
the eight student participants in a journal form, 
recounts their experiences at the canoe competition 
and at the technical visitations. 

May 25, 1992 
Today was the start of our week in The Nether
lands. All eight of us met in Amsterdam, four 
coming from the U.S. and four from Belgium 
after having spent a week traveling together. 
We spent the day relaxing and enjoying Am
sterdam. 
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May26 

We spent the day touring Amsterdam. The city 
structure was amazing with all the canals. It 
was fascinating to think that the Dutch used to 
do all of their travel through the city by boat. 
We also got a chance to see some famous sights, 
the Anne Frank House and the Vincent Van 
Gogh Museum. 

May27 
We woke up early and left Amsterdam for our 
first tour. We arrived at the Delft Hydraulics 
Laboratory "de Voorst" in the town of 
Emmeloord in the North-East Polder at 10:00 
a.m. Three students from the technical univer
sity at Delft met us there and joined the tour. 

When we arrived we were given an intro
duction to Delft Hydraulics presented by Jitse 
Wouters, a Senior Project Engineer in Harbors, 
Coasts' and Offshore Technologies. Delft Hy
draulics is an independent, non-profit institute 
that performs consulting in all aspects of water
related problems. The institute was founded in 
1927 and now has three research centers: one in 
Delft, one in Haren and the third, that we were 
visiting, in de Voorst. The institute has 525 em
ployees and 40 percent of its consulting is done 
on an international level. Delft Hydraulics spe
cializes in six areas: 

• Hydraulic Engineering: hydraulics and 
morphology, sediment transport, estua
rine hydraulics, wave dynamics, offshore 
technology, flood forecasting, hydraulic 
structures and hydrosurveys. 

• Coastal Zone Development: oceanography, 
coastal dynamics, coastal engineering and 
storm surge protection, coastal zone plan
ning, and marine and coastal pollution. 

• Water Resources Management: water re
sources planning, hydrology (surface and 
groundwater), salt intrusion, river basin 
development and planning, irrigation, 
reservoir design and operation, and hy
dropower. 

• Ecological Studies: ecological modeling, 
environmental impact assessment, water 
quality, soil pollution and groundwater 
quality, and ecotoxicology. 

• Transportation/Infrastructure: harbor lay-
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out and marine structures, optimization 
of access channels, inland water trans
port, river engineering and regulations, 
navigation and nautical training. 

• Industrial Hydrodynamics: cooling water 
recirculation, intakes and outlets, dis
charge and dispersion of effluents, dredg
ing technology, hydraulic analysis of pipe 
systems, and testing and research of pipe 
components and sump pumps. 

The de Voorst laboratory facilities cover 125 , 
hectares. There are many different types of 
physicai models in use, the most spectacular 
being a 230-meter long delta flume. There is 
also a hall that covers an area of 2.5 hectares 
that houses many small-scale physical models. 
The original scale model for the Deltaworks 
was developed here. Also on site is a multi
directional wave basin. 

A video was shown to give us the history 
behind the grass dikes erected along the coast
line in the northern province of Friesland. 
These dikes were periodically heightened and 
strengthened as part of a reconstruction pro
gram that took place throughout the 1980s. Every 
4,000 years there is a storm surge like the one 
that struck the province of Zeeland in southern 
Holland in 1953 and that resulted in the loss of 
almost 2,000 lives and 47,000 homes. Holland 
must always be prepared for a storm surge 
since over half of its land lies below sea level. 

The Delta Flume 
Mr. Freek de Groot gave us a tour of the 
laboratory's delta flume, the largest flume in 
the world (see Figure 1). It is hard to imagine a 
flume 230 meters long, even when you see it. Its 
dimensions are five meters wide and seven 
meters deep, with a section 9.5 meters deep. 
Testing is performed during 25 percent of the 
year in the areas of coastal, harbor and ocean 
engineering. 

A narrow ridge of natural dunes forms the 
main sea defence against storm surges in many 
regions in Holland. Research on dune erosion 
through the field of coastal engineering has 
been going on for the past ten years. The delta 
flume is so large that if a 1:1 scale test were to 
be performed on dune erosion, 2,000 cubic me
ters of sand would be required. 



Monochromatic and random waves are gen
erated up to a height of two meters. The wave 
generator is equipped with a unique device to 
prevent the reflection of waves against the 
waveboard and also to prevent low frequency 
resonance waves. 

A wide variety of instruments is available to 
monitor all kinds of hydraulic and geotechnical 
processes and to transmit about 100 signals into 
the on-line computer facilities for future data 
processing. The city does not have the capacity 
to supply the flume with water. Water for the 
flume comes from five 85-meter deep wells. 
There is a treatment plant on site. Two divers 
are always on hand to make repairs. The walls 
of the flume contain 300 windows that are in
stalled in a regular pattern so that they can be 
fitted with measuring equipment. 

No testing was being done in the delta flume 
the day we were there. They had just finished 
doing testing on grass dikes and, the week after 
we left, they were going to begin a new series 
of tests on particle transport. The just finished 
test was considered to be successful since the 
grass dike withstood flood conditions for 29 
hours. This test was the final part of a three-part 
program instituted by the Dutch government 
regarding the safety of dikes. 'Ihe first part of 
the study was focused on asphalt dikes and the 
second part on clay dikes. All three types of 
dikes are present in The Netherlands. 

The first project ever carried out in the delta 
flume was in the area of harbor engineering. A 
large-scale model was needed to investigate 
hydraulic and soil mechanics problems related 
to the storm surge barrier in the Eastern 
Scheidt. The delta flume was developed to per
form this research. A project with the unprece
dented magnitude of the barrier demanded 
such large-scale testing. 

The local depth of 9.5 meters in the flume 
offers the opportunity to investigate ocean en
gineering problems such as wave-induced ero
sion and geotechnical problems in pipeline flo
tations. In small-scale model testing, the 
Reynolds numbers are too low to avoid the 
effects of scale. 

Physical Modeling 
Next, we went to the Oosterschelde Hal, a great 
(2.5 hectares) hall named after the estuary 

FIGURE 1. One-third of the delta flume at 
Deflt Hydraulics in de Voorst. 

where the storm surge barrier was created. The 
hall is supplied with water pumped at a rate of 
three cubic meters per second from a reservoir. 
There is a constant head, and constant dis
charge to and from the hall. 

In the hall, many small-scale models were in 
use. There was a model of a river in Bangladesh 
- the Jamuna - for studying erosion in 
straight and curved channels. The widths be
tween two restraining barriers where a bridge 
was to be built were changed and the results 
analyzed. A flood barrier for the city of Venice 
was also being tested. This test had begun as a 
two-dimensional study, but it had become a 
three-dimensional study designed for a storm 
surge. The barrier was composed of a series of 
panels that could have compressed air pumped 
in behind them in bad weather. They would 
then rise to fend off the storm. 
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FIGURE 2. Christopher Bell and a scale model of the storm surge barrier for Rotterdam. 

The design of a storm surge barrier for the 
city of Rotterdam was also being tested (see 
Figure 2). In order not to obstruct the waterway 
in regular weather, the barrier split in the mid
dle and retreated from the passage. In stormy 
weather, the two pieces would meet in the mid
dle and the ballasts would fill with water and 
sink to the bottom. After the storm, the ballasts 
would drain, and the gates would float to the 
surface and separate. 

An Australian pipeline that rested on the 
seabed was being tested for the effects of a 
hurricane. Also present were many flumes 
from old tests, wave tunnels for studying the 
orbital motion of waves, piston wave genera
tors, devices for measuring wave velocity 
through laser refraction, and sand flumes for 
measuring particle transport and erosion. 

Hybrid Modeling 
Following the physical modeling section of our 
tour, we ate lunch with our hosts and then 
learned about numerical and hybrid modeling 
techniques. Mr. Gerrit J. Klaasen explained the 
techniques being used in Delft. Eighty percent 
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of their modeling is mathematical. Most of 
these models are two-dimensional, with depth 
averaged. Two different types of flow models 
are used: fixed and mobile bed. Computational 
models use differential and difference equa
tions .. Difference models can be either square 
grid or curvilinear. 

Mr. Klaasen was studying the Jamuna River 
in Bangladesh. The J amuna is the lowest reach 
of the Brahmaputra River, which forms a bar
rier between the eastern and western parts of 
Bangladesh. We had seen a physical model of 
the river earlier in the day. The Jamuna River is 
a 15-kilometer wide meandering river that has 
a scour depth of 30 meters and a flow rate of 
1,000 cubic meters per second. Delft Hydraulics 
was contracted by the government of 
Bangladesh to build a bridge across the river. 
At the present time, there are no bridges on the 
river, and the traffic across it is served by fer
ries. The problem with building a bridge is that 
the river is very unstable and changes its course 
on the average of one kilometer per year. In 
order to analyze the flow, guide bands were set 
up to restrain the river. A grid was set up with 



FIGURE 3. Part of the Tufts group with Freek de Groot and Gerrit Klaasen at Delft Hydraulics. 

boundaries, and a vector field generated (with 
an average depth). The flow velocities near the 
structure needed to be analyzed. A scale model 
was built upstream and velocities of 3.25 me
ters per second were employed. Maximum ero
sion depths and the extent of erosion could be 
determined from the scale model. 

Morphological models of the sediment 
transport were also needed. The river bed was 
sand, and channel patterns changed very rap
idly. Hybrid modeling techniques were needed 
using mathematical and scale models. A one
dimensional mathematical model was used to 
study the scour near the bridge. This model, 
along with scale scour models, were used to 
measure the scour effects around the piers. The 
flow field near the bridge was analyzed with a 
two-dimensional depth-averaged model. After 
we learned about the numerical models, our 
tour of Delft Hydraulics atthe de Voorst lab was 
over (see Figure 3). We were grateful to have been 
granted a look at the amazing facilities. 

May28 
Today was a Dutch national holiday, Ascension 
Day, so the whole country was closed down 
except for cafes, restaurants, museums and 

parks. We spent the day at The Hoge Veluwe 
National Park. This park covers a huge (by 
Dutch standards) area of land that was for
merly owned by the Kroller-Mueller family. 
The terrain of the park is very flat, like all of 
Holland, and composed of sand dunes and 
forested areas. There are numerous bike paths 
throughout the park, and bikes were available 
for free on the park premises. In the center of 
the park is the Kroller-Mueller Museum, which 
has an extensive collection of impressionist, 
post-impressionist and modem art. There is 
also a striking sculpture garden. 

May29 
Having driven to Delft the night before, we 
woke up early and were given a tour of Delft 
Soil Mechanics and a lecture on soil mechanics 
by Professor A. Verruit of the Delft University 
of Technology. Professor Linfield Brown ar
rived in the early afternoon. 

The beginning of the lecture dealt with the 
recurring problems that the Dutch geotechnical 
engineers face. Most of the soil in The Nether
lands is very soft and groundwater levels can 
vary between 1.5 meters below or above the soil 
surface. An important rule that construction 
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FIGURE 4. The Tufts canoe winning a sprint. 

engineers must follow when building a foun
dation is that water levels near the structure 
cannot be lowered since the lower levels would 
weaken the surrounding soil and neighboring 
buildings could sink and crack. 

To ensure that the water level does not 
change under the surrounding buildings, engi
neers usually follow a five-step process: 

1. Excavate until they reach the water level. 
2. Use a dredging machine to excavate to 

the desired depth. 
3. Line the excavation with an impervious 

membrane. 
4. Use a dredger to replace some of the soil 

on top of the membrane. (Doing so will en
sure that the pressure above the membrane 
is sufficient to overcome the water pressure 
from below.) 

5. Remove the dredger and lower the 
water level in the soil within the membrane. 

After the tour of the soil mechanics labs, we 
spent some time wandering around the univer
sity. The technical university in Delft is one of 
three technical universities in The Netherlands. 
There are 15,000 students and eleven different 
disciplines of engineering are offered at the 
Delft University of Technology. It is the only 
university in The Netherlands that provides a 
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program in civil engineering. 
The main reason we came to Holland was for 

the concrete canoe race, which was part of the 
150th Anniversary of the Delft University of 
Technology. The days of the race, May 28-30, 
were called the "Technical Days." There were 
displays and booths set up by all the faculties 
in Delft outlining their work. 

Before our group was distracted by jazz 
bands, ice cream stands, beer sellers, steam en
gines and racing cars, we managed to see many 
of the engineering attractions. The water qual
ity students at the university set up a taste test 
of bottled versus tap water, which one member 
of our group flunked. Harbor engineering stu
dents had a "Design Your Own Harbor" ex
hibit. Structural students offered contests to see 
who could hold up a concrete block for the 
longest amount of time, which Rob won. Trans
portation students had teams playing tug of 
war with an old-fashioned steam roller. 

There were also numerous computer simu
lations and quizzes, but they were all in Dutch! 
The most impressive computer display was the 
fluid mechanics lab, where they had all of their 
models functioning. Professor Walt Massie, an 
American professor in Delft in the field of off
shore technologies, explained the models. 
There were many flumes, one showing particle 
displacement in a meandering river. There was 



FIGURE 5. A Tufts crew crossing the finish line. 

an irregular wave generator with a small-scale 
model of a floating harbor entrance, and there 
were also numerous small flumes demonstrat
ing different types of hydraulic jumps. 

The first canoe race we participated in was 
in the evening after dinner. It began as a tour 
through the canals in the old center of Delft. 
The mayor of Delft participated in the tour as 
well as Pieter Schenk, the "Rector Magnificus" 
of the Delft University of Technology. After the 
tour the real racing began with one-on-one 
sprints (see Figure 4). The course was not very 
long, about 500 meters, but it was exciting! The 
canoers passed under several low bridges that 
were packed with cheering supporters. We did 
very well, winning most of our heats. Our com
petition was stiff due to the design of our canoe. 
Our canoe was a traditional design, like the 
ones we race in American races. Most of the 
canoes in Europe are shaped more like a kayak 
(all are two-person) and go much faster. 

May30 
The canoe race was not the only thing happen
ing in Delft this day. It was also "Waterday," the 
last of the Technical Days. Waterday events 
included water bike races, dragon boat races 
(boats from Hong Kong powered by 18 rowers 
that stroke to the beat of a drum), water games 
and a concrete sailboat demonstration. 

However, the concrete canoe race was defi
nitely the race. We were the only team to come 
from North America, and consequently we re
ceived quite a bit of attention. The other teams 
came from Holland, Germany and Belgium. 
There were university teams as well as teams 
from industry. The course was circular, wind
ing through several buoys, and about 1,000 me
ters long. Each of our four teams got the chance 
to row in three qualifying rounds (see Figure 5), 
and one of our women's teams made it to the 
final. That was our best showing (see Figure 6). 

The canoes were judged in several categories 
including aesthetics, design, weight and rac
ing performance. At the awards ceremony we 
won two prizes: an Honorable Mention for the 
appearance of our canoe, and the Management 
Prize for arranging our trip to Holland. 

May31 
We recovered from our hard day of racing 
and spent the day on the North Sea in 
Scheveningen. We saw the largest sand castle 
imaginable being built on commission for the 
European Community. 

Junel 
Professor Brown left us for part of the day and 
met with Pieter Schenk at the university. They 
spoke about foreign study programs and how, 
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FIGURE 6. Patrick Johnston and Genevieve Dyer with the final standings of the day. 

especially in the field of engineering, studying 
abroad can be a very valuable experience. 

We traveled to the province of Zeeland in 
southern Holland to visit the Delta Expo. The 
Delta Expo is an exposition of the Delta Project, 
a project whose goal is to improve the safety of 
the Southwest Netherlands by considerably 
shortening and reinforcing the coastline (see 
Figure 7). On the first of February 1953, the 
combination of a spring tide and a persistent, 
violent northwesterly storm destroyed the 
dikes and flooded the polders, drowning thou
sands of people. The people of The Netherlands 
decided that such a catastrophe should never 
again be allowed to occur. In 1958, the Dutch 
Parliament passed the Delta Act, and thus the 
Delta Project was begun. 

The Delta Project is one of the largest hy
draulic engineering projects in the world. New 
hydraulic engineering techniques were grad
ually developed for the construction of eleven 
dams and barriers of various sizes that were 
built over a period of thirty years. The only 
coastal waterways to be left open were the New 
Waterway and the Western Scheidt, both ship
ping routes to Rotterdam and Antwerp. The 
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last and most difficult part of the project was 
the storm surge barrier on the Eastern Scheldt. 

History of the Eastern Scheldt Barrier 
The mouth of the Eastern Scheidt is the largest 
of all the Dutch coastal waterways, and conse
quently the most complex. The original plan 
was to build a dam across the waterway. In 
preparation for this task, three islands were 
constructed: Roggenplaat, Neeltje Jans and 
Noordland. A pumped sand dam was built 
between the latter two islands. In the open 
channels a cableway was constructed to dam 
the Eastern Scheidt using the traditional dam 
construction method of gradually dropping 
rocks into the water. This dam was scheduled 
for completion in 1978. 

Towards the end of the 1960s, protests were 
voiced about the project. Environmentalists 
knew of the special varieties of flora and fauna 
in the estuary and pleaded that the waterway 
be left open and that, instead, the dikes be built 
higher. A heated debate flared up between 
those who wanted the dam, primarily agricul
tural and water agencies and organizations, 
and those who were against the dam, mostly 
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scientists and fishermen. 
A compromise plan was reached in 1976 that 

consisted of a storm surge barrier that would 
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be open under normal conditions and that 
could be closed in the case of very high tides 
(see Figures 8 and 9). The difference between 

FIGURE 8. Tufts group on the upper beam of the Eastern Scheidt barrier. A steel gate is to the right. 
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FIGURE 9. The Eastern Scheidt project. 

the high and low tides behind the barrier would 
be maintained at three quarters of the original 
tidal range at Yerseke, sufficient to preserve the 
natural environment in the Eastern Scheidt. 
The opening would cover 14,000 square meters 
and allow 11 billion cubic meters of water to 
pass through daily. 

Construction Design 
The construction of that storm surge barrier 
required expertise that had yet to be developed. 
Never before had a project of this sort been 
attempted. The Dutch public works depart
ment, Rijkswaterstaat, commissioned the 
work. Assisted by consultants in a wide range 
of specialized areas, the contractors worked in 
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close cooperation with the Rijkswaterstaat. Ex
tensive research was begun to determine the 
feasibility of building a storm surge barrier that 
served the interests of the fishermen, flood pro
tection and the environment as much as possible. 
The completion of the barrier was set for 1986. 
The barrier was designed to last for 200 years. 

The actual construction was viewed as a 
challenge from all perspectives. Research was 
being conducted in the newly built delta flume 
at Delft Hydraulics regarding the hydraulic 
and soil mechanics problems underneath the 
foundation structures of the barrier. The barrier 
was to be constructed of prefabricated concrete 
and steel components that were to be assem
bled in three channels in the mouth of the 
Eastern Scheidt. All of the rocks that had been 
dropped for the original dam had to be re
moved. The backbone of the barrier consisted 
of 65 enormous concrete piers. Between them 
was a stone sill and a concrete sill beam. The 62 
gates for the closure were made of steel. Con
crete box girders were placed on top of the piers 
to form a road deck. Since this barrier was the 
first project of its kind, special equipment had 
to be developed for its construction. 

Foundation Bed 
A new technique was also required in order to 
prevent the strong current along the barrier 
from washing away the sand from under the 
piers. Mattresses filled with graded layers of 
sand and gravel allowed water to flow through, 
but trapped the sand. 

Construction Site 
The entire barrier was to be 3,000 meters long. 
It was to be built between three tidal channels: 
Hammen, Schaar van Roggenplaat and 
Roompot (see Figure 10). The three islands that 
were constructed under the initial plan served 
as the dam sections of the storm surge barrier. 
The island of Neeltje Jans was turned into a 
construction island from where the operations 
were conducted. The majority of the prefabri
cated components were built there - the piers, 
sill beams and upper beams, and the founda
tion mattresses. 

Bed Improvement 
No pile foundations were used to anchor the 



piers. However, the seabed had to be improved 
to be able to support the weight of the barrier. 
First, a cunette was excavated and then re
placed by better quality sand (see Figure 11). 
The deepest parts of the channel were raised 
and covered with gravel to prevent erosion. 

To improve the bearing capacity of the sea
bed further, and to prevent settlement of the 
piers, a specially designed compacting unit 
was used. This rig had four giant vibrating 
needles that entered the subsoil and that could 
compact layers of up to 18 meters thick over an 
area of six by 25 meters. 

Foundation Mattresses 
After compaction, the seabed had to be 
dredged and leveled off to the correct depth 
and covered with prefabricated foundation 
mattresses measuring 200 by 42 meters and 36 
centimeters thick (see Figure 11). The 
mattresses' function was to absorb the chang
ing water pressure in the subsoil so that it 
would not weaken, and also to ensure that the 
fine sand did not wash away. 

These mattresses were carried by another 
specially designed rig and were positioned at a 
center-to-center distance of 45 meters, leaving 
a three-meter gap between the mattresses. The 
space between the mattresses was filled with 
loose sea gravel and heavy stone. To reinforce 
the foundation structure, a second smaller mat
tress measuring 60 by 29 meters and 36 centi
meters thick was then placed by the rig on top 
of the first one. Both mattresses consist of three 
layers of graded material (sand, fine gravel and 
coarse gravel) and were specially constructed 
at Neeltje Jans. 

If the foundations were not sufficiently level, 
a block mattress could be positioned under the 
pier to smooth out any unevenness. This mat
tress consisted of concrete blocks 15 to 60 cen
timeters thick. 

In order to protect the joints between the two 
mattresses from unexpected high currents, a 
gravel ballast mattress was laid down (see Fig
ure 12). This mattress consisted of a flexible 
steel woven mat to which rolls of quarry stone 
packed in wire mesh were attached. 

Pier Construction 
The piers weighed 18,000 metric tons and were 
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FIGURE 10. Cross sections of the three tidal 
canals on the Eastern Scheidt. 

fabricated of prestressed concrete. Figure 13 
illustrates the general pier design. They were 
constructed in a dock consisting of four differ
ent compartments. Each compartment was sur
rounded by dikes and pumped dry. The base of 
the dock was 15.2 meters below sea level. 

As soon as all of the piers in one compart
ment were ready, an opening was made in the 
dike and the compartment was flooded. The 
flooding allowed boats to come in and trans
port the newly fabricated piers. The buoyant 
piers required a hoisting capacity of only 10,000 
metric tons. The depth in the compartment was 
13 to 17 meters deep, sufficient draft for a large 
vessel. A special transport vessel, named the 
"Ostrea," was created for the purpose of trans
porting the pier. The Ostrea was shaped like the 
letter "U" and could surround the pier, lift it a 
few meters, transport it and then lower it for 
installation (see Figure 14). 

Pier construction took almost a year and a 
half. Every two weeks, work was started on 
another pier so that at any given time more than 
30 piers were under construction, each in a 
different state of completion. Among the seven 
stages of construction, were installing the rein-
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FIGURE 11. Construction of the pier foundations for the Eastern Scheidt barrier. 

forcement, prestressing and pouring the con
crete. During the construction of the piers, the 
construction dock was a huge open-air concrete 
factory. About 4,000 cubic meters of concrete 
were poured each week. The finished piers var
ied in height from 30.25 to 38.75 meters depend
ing on the depth of the channel. 
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After the pier was transported to the site in 
the channel by the Ostrea, it was met by another 
vessel, the Macoma. Acting as a mooring pon
toon, the Macoma was to keep the Ostrea accu
rately positioned while the pier was being low
ered onto the seabed. The Ma coma also cleaned 
the sand out from between the foundation bed 
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FIGURE 12. Joint between the foundation 
mattresses. 

and the pier. This job was very difficult to ac
complish since the currents at the mouth of the 
Eastern Scheldt are strong. 

The cavity between the base of the piers and 
the foundation was filled with grout to provide 
uniform bearing conditions over the entire slab 
area (see Figure 15). Once the pier had been 
locked into position and pumped dry, grouting 
was accomplished using a hollow compart
ment inside the pier. Ballasting was done by 
pumping a sand and water mixture into the 

Pier Transport 

~~ 

r 22 m 7 

50m . I I. 25 m I .. 
FIGURE 13. General design of the founda
tion piers. 

caisson section and then pumping the water 
out after the sand had settled. The caissons 
were 90 percent filled with sand. 

Sill 
After the pier had been put in place, a sill was 
constructed underwater around the base of the 
pier. The sill consisted of graded layers of stone. 
The stones were deposited into position by a 
specially adapted crane. The smaller stones 
(weighing one metric ton or less) were dumped 

Pier Installation 

FIGURE 14. Pier transport and installation for the Eastern Scheidt barrier. 
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FIGURE 15. Grouting and ballasting a pier. 

from vessels equipped with a dynamic posi
tioning system. Over a period of two years, 
some five million metric tons of stone were 
dumped. 

Pier Superstructure 
Once the underwater section of the barrier had 
been completed, work could begin on the 
structure above the water (see Figure 16). First, 
road bridge box girders were placed on top 
of the piers. Each girder was 45 meters long, 
made of prestressed concrete and weighed 
1,200 metric tons. The gate operating equip
ment was housed inside the girders. The 
roadway was then constructed on top of the 
girders. Capping units increased the height 
of the piers to accommodate the gate structure. 
Sill beams were 39 meters long, eight meters 
wide and eight meters high. Each was hollow 
(later filled with sand) and weighed 2,500 
metric tons. Their purpose was to improve 
flow through the barrier. The upper beams 
formed the upper edge of the openings in the 
barrier that could be closed by the gates. They 
were hollow beams five by four meters and 
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Ballasting 

weighed 1,100 metric tons. 

Barrier Operation 
An engineer, T. Sep, conducted our tour of the 
Delta Expo (see Figure 17). We saw a video 
about the history behind the making of the 
Deltaworks and Mr. Sep told us quite a bit 
about the construction process of the barrier. 
After we had visited the exhibition hall, we 
went up to the control room. There are two 
parts to the computerized section of the con
trols: one to monitor the barrier, and the other 
to physically close it. Two teams of people work 
simultaneously at all times: a decision team, 
and a function team. At the time we were in the 
control room, they were doing tests on different 
gates, opening and closing them. It takes ap
proximately one hour to fully close the gates, 
and they are closed on the average of once per 
year due to bad weather. Safety was a key factor 
in the design of the barrier. One gate can fail 
without having an overwhelming effect on the 
rest of the system. 

On the premises, there is a generator that 
powers the barrier. On our way into the expo-



Capping Unit 

FIGURE 16. Pier superstructure. 

FIGURE 17. Mr. Sep with a diagram of the Eastern Scheidt barrier. 
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sition center we saw a series of windmills that 
looked like they had been built to generate 
power for the barrier. We asked if that was 
the case, and Mr. Sep told us that it had 
been a five-year-long experiment that did not 
work. 

After we visited the control room, we 
walked out onto (and into) the barrier. It was 
enormous! Then we took a boat ride and en
joyed the scenery along the estuary in the 
Eastern Scheldt. 

June2 
This was the last day of our Tufts trip. Chris, 
Josh and Professor Brown all flew back to the 
U.S. The rest of us who had planned to stay in 
Europe a little longer did something typically 
Dutch - we went walking in the mud flats in 
the Wadden Zee in the province of Groningen. 
When the tide goes out, you can walk on the 
mudflats to the islands in the Wadden Zee from 
the mainland. However, since we only had 
three hours instead of an entire day to spend in 
Wadden Zee, we just went on a guided tour of 
the area. 

Our week long whirlwind tour of The Neth
erlands had come to a close. Not only had we 
had an incredible education on hydraulic engi
neering in The Netherlands, we had also expe
rienced the Dutch way of life for a week, and 
enjoyed it immensely. Now all eight of us are 
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going different ways, but our experience in 
Holland will be with us wherever we are. 
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Study 

A Simple Box Model 
of the Nitrogen Cycle in 
Boston Harbor and the 
Massachusetts Bays 

Using a model to understand 
nitrogen cycle dynamics 
can help determine the effects 
of moving effluent discharges 
from Boston Harbor to 
Massachusetts Bay. 

E. ERIC ADAMS, JIM W. HANSEN, 
RAFAEL L. LAGO, PAM CLAYTON 
& XUEYONG ZHANG 

The Massachusett.s Water Resources Au
thority (MWRA) currently operates two 
wastewater treatment plants - one on 

Deer Island and one on Nut Island - that 
discharge effluent into Boston Harbor. Begin
ning in 1995, the MWRA plans to start operat
ing its new treatment plant on Deer Island with 
discharge through a deep ocean outfall in Mas
sachusetts Bay (see Figure 1). Many residents 
on Cape Cod are concerned that, by moving the 
outfall offshore, water quality will improve in 
Boston Harbor, but it may become worse in 

Massachusetts and Cape Cod bays (hereafter 
referred to as Mass Bay, or simply bay). This 
concern has focused on nitrogen because it is. 
the limiting nutrient in the growth of marine 
algae. Growth of excessive quantities or nox
ious forms of algae could have detrimental im
pacts on water quality (through eutrophica
tion}, on higher rungs of the food chain (e.g., 
whales) and even on human health (red tides). 

Clearly, the change in water quality in Mass 
Bay will depend, in large part, on just how 
much of the existing effluent that enters Boston 
Harbor is already being transported into the 
bay. For a conservative substance, mass loading 
to the harbor from the existing treatment plants 
must be balanced by transport to the bay; oth
erwise, its concentration in the harbor would 
keep increasing. However, nitrogen is not con
servative. Nitrogen cycles among different or
ganic and inorganic forms include ammonia, 
nitrate and nitrite. In addition, some organic 
nitrogen settles to the bottom where it is nitri
fied (converted to nitrate) in the presence of 
oxygen. It can then, in the absence of oxygen, 
be denitrified into nitrogen gas that escapes to 
the atmosphere.1 Some nitrogen in the sedi-
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FIGURE 1. Location of the wastewater treatment plants and outfall tunnel. 

ments is also buried. Thus, the harbor behaves 
to some extent as a tertiary treatment plant by 
removing nutrients prior to their "discharge" 
into Mass Bay. How efficient is this "plant"; i.e., 
what percentage of the input nitrogen is lost? 
Estimates range from about ten percent2 to as 
much as about 70 percent.3 

A simple box model of nitrogen cycle dy
namics in Boston Harbor and Mass Bay facili
tates an understanding of these processes. The 
model represents many complex processes 
using simple linear relationships and it treats 
system properties (i.e., nitrogen concentra
tions) as steady in time and well mixed in space 
over large boxes. However, even though the 
model is simple, it may provide more realistic 
answers ( or at least bounds on answers) than 
some previous analyses because it attempts to 
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represent both transport (hydrodynamics and 
particle settling) and biochemical factors. 

Model Description 
Basic Structure. The model has six types of ni
trogen (see Figure 2). Five types occur in the 
water: NH4, ammonia pool; NO3, nitrate plus 
nitrite pool; DON, dissolved organic nitrogen 
pool; PON, particulate organic nitrogen pool; 
and, BIO, biological pool. One type occurs in 
the sediments: SED, sediment pool. Nitrogen in 
various phytoplankton and. zooplankton is 
lumped into the BIO pool. This pool takes up 
nitrogen from the ammonia (N~) and nitrate 
plus nitrite (NO3) pools. It excretes nitrogen in 
the form of N~ DON and PON as fecal pellets 
and dead plankton. The NO3 pool represents 
both nitrate and nitrite, which is an intermedi-



V 

N2 (gas) 

DON I R10 ► I NH, 

~ ~RJ 

I 
i 

R9 I BIO 

F1 R14 

PON 

R12 
1 , 

SEO 

F2R14 

F3R14 

tFSR14 
Burial 

F4R14 

FIGURE 2. Schematic of the harbor nitrogen pools for the box model. 

ate step in the oxidation of ammonia to nitrate 
and typically represents about one-tenth of the 
combined store of nitrate and nitrite. The NHi 
pool is fed by bacterial hydrolysis of DON, 
which in tum is fed by the breakdown of mate
rial in the PON pool. 

The PON that settles out of the water column 
is also the source for the SEO. Although nitro
gen in the sediments exists in various forms 
and there are discrete oxic and anoxic layers, 
this model has a single sediment pool. Nitrogen 
is returned to the water column in various 
forms (DON, NH4, N03) and some is lost from 
the system. The major loss is to nitrogen gas 

(denitrification), but some is lost to burial and 
dredging (lumped into a single term). Diffusion 
of dissolved nitrogen from the water column to 
the sediments and resuspension of SEO nitro
gen into the water column are neglected. 

The hydrodynamic portion of the model is 
constructed by placing an assembly of nitrogen 
pools within each of two large boxes represent
ing the harbor and the bay (Massachusetts Bay 
plus Cape Cod Bay) (see Figure 3). The water
borne pools in each box are then allowed to 
exchange with their respective pools through a 
volumetric exchange rate, Q1, that simulates 
tidal flushing and dispersion. The ocean (Gulf 

CIVIL ENGINEERING PRACTICE FALL 1992 93 



Sewage Treatment Plant Loadings 

~ 
Q1 ...... Q2 

Harbor ~ Bay 

►1 I ~ 

Ocean 
~ ~ 

Q1 """" Q2 

Sediment Sediment 

FIGURE 3. Connections among the harbor, bay and ocean boxes for the model. 

of Maine) acts as a third box with an assumed 
constant background concentration of all rele
vant forms of nitrogen. The ocean and bay com
municate through a second exchange rate, Qz. 

Rates. The state variables in the model are the 
inventories of nitrogen (moles) in each of the 
twelve pools. The connections between the 
pools are represented with first-order rate 
equations. Table 1 lists base case values of the 
rates for each connection between pools. The 
rates concerning the biochemical processes (R3 
to RlO) were taken in abbreviated form from an 
earlier model constructed by Najarian and 
Harleman that was applied to the Potomac 
River estuary.4 Their model was more compli
cated. It included such factors as temperature 
and some nonlinearities as well as more types 
of nitrogen (i.e., both nitrate and nitrite as well 
as both phytoplankton and zooplankton). The 
present model uses values that correspond to a 
temperature of about 10°C. 

The effective exchange rates, Q1 and Q2, be
tween the harbor and bay and between the bay 
and ocean can not be assigned a priori in a 
simple model with only two boxes. The tidal 
prisms that are physically transported between 
the boxes during each tidal cycle are known. 
However, since concentrations are not well 
mixed in each box (particularly, in the bay), 
computed fluxes would be overestimated if 
they were based on tidal prisms. Therefore, the 
exchange rates were based on empirical resi
dence times. Since the reported residence times 
for the harbor, based on discharge at the exist-
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ing treatment plants, range from about three to 
ten days,5-8 a base case of five days was stud
ied. For the bay, currents measured by Geyer et 
al. suggest a residence time of 20 to 45 days for 
surface waters, 9 although there is evidence that 
the time is significantly greater (up to six 
months) for bottom waters during periods of 
stratification. A value of 30 days was chosen for 
the base case. 

Based on these residence times, a value of Q1 
equal to one-fifth of the harbor volume (600 
million cubic meters10) per day (thus, Q1 is 
roughly 120 million cubic meters per day) and 
a value of Q2 equal to one-thirtieth of the com
bined harbor plus bay volumes (150 billion 
cubic meters11) per day (thus, Q2 is roughly five 
billion cubic meters per day) were chosen. It 
can be shown analytically that these choices 
lead to a harbor residence time of 5.1 days for a 
conservative substance discharged to the har
bor and a bay residence time of 30 days for a 
substance discharged to the bay. The harbor 
residence time is slightly greater than five days 
because it reflects a small amount of transport 
from the bay back into the harbor. A slightly 
higher value of Q1 could have been chosen to 
yield a residence time of identically five days, 
but this option was considered unnecessary 
given the small difference. 

The settling rate of PON and all of the rates 
concerning the sediment box are considered the 
least certain parameters. Equal sediment decay 
rates in the harbor (Rl 4) and bay (R15) of 0.01 per 
day (d-1) were based on U.S. Environmental 



Protection Agency data.12 A PON settling ve
locity of 0.001 centimeters per second was sug
gested as typical.12,13 Assuming average har
bor and bay depths of six10 and 36 meters, 11 

respectively, leads to a loss rate of 0.15 d-1 for 
the harbor (R12) and 0.025 d-1 for the bay (R13). 
The fractions of sediment nitrogen that are re
generated as ammonia (F2 equal to 0.35 in the 
harbor and F7 equal to 0.35 in the bay), nitrogen 
gas (F4 equal to 0.4 in the harbor and F9 equal 
to 0.1 in the bay), nitrate (F3 equal to 0.05 in the 
harbor and F8 equal to 0.45 in the bay), and 
dissolved organic nitrogen (Fl equal to O in the 
harbor and F6 equal to 0.1 in the bay), as well 
as the fractions lost to burial (F5 equal to 0.2 in 
the harbor and FlO equal to O in the bay) were 
established based on typical sediment texture 
and available denitrification measurements.2 

Loadings. Monthly average nitrogen concen
trations, measured in the effluent of the Deer 
and Nut Island treatment plants from May 1989 
to October 1991, were used to calculate an av
erage annual treatment plant loading for each 
type ofnitrogen (see Table 2). Although effluent 
from the Deer Island plant enters President 
Roads shipping channel near the boundary be
tween Boston Harbor and Mass Bay - hence, 
some nutrients enter the bay on ebb tide - the 
entire treatment plant loading was put into the 
harbor in order to be consistent with the inter
pretation of harbor residence time measure
ments (and, hence, the model exchange rate 
Q1), Average effluent concentrations and their 
range for the Deer Island effluent are presented 
in Table 3. Since data were not available sepa
rately for dissolved and particulate forms of 
organic nitrogen (only total organic nitrogen), 
it was assumed that the organic nitrogen was 
fifty percent DON and fifty percent PON. Note 
that the total nitrogen loading of 2.4 million 
moles per day, or 880 million moles per year for 
the two-and-one-half-year period, compares 
with an estimate of 790 million moles per year 
for effluent reported by Menzie et al.10 The 
same reference reports a total nitrogen loading 
to the harbor from all sources as 930 million 
moles per year that includes 80 million moles 
per year from sludge (which ceased in Decem
ber 1991) and 70 million moles per year com
bined from rivers, runoff, groundwater and air. 

Another important loading to the system is the 

TABLE 1 
Base Case Parameter Estimates 

Parameter Description Value 

Qi Harbor/Bay Exchange Rate 1.2 X 

(Harbor Residence Time) 108 m3/d 
(- 5 d) 

Q2 Bay/Ocean Exchange Rate 5 X 109 

(Bay Residence Time) m3/d 
(- 30 d) 

R3 NH4 to NO3 Rate 0.1 d-1 

R4 NH4 to BIO Rate 0.5 d-1 

RS NO3 to BIO Rate 0.05 d-1 

R6 BIO to NH4 Rate 0.005 d-1 

R7 BIO to PON Rate 0.015 d-1 

RB BIO to DON Rate 0.015 d-1 

R9 PON to DON Rate 0.025 d-1 

Rl0 DON to NH4 Rate 0.006 d-1 

R12 PON to SEO Rate (Harbor) 0.15 d-1 

R13 PON to SEO Rate (Bay) 0.025 d-1 

R14 SEO Decay Rate (Harbor) 0.01 d-1 

R15 SEO Decay Rate (Bay) 0.01 d-1 

Fl SEO to DON Fraction 0.0 
(Harbor) 

F2 SEO to NH4 Fraction 0.35 
(Harbor) 

F3 SEO to NO3 Fraction 0.05 
(Harbor) 

F4 SEO to N2 Fraction (Harbor) 0.4 

FS SEO to Burial Fraction (Harbor) 0.2 

F6 SEO to DON Fraction (Bay) 0.1 

F7 SEO to NH4 Fraction (Bay) 0.35 

F8 SEO to NO3 Fraction (Bay) 0.45 

F9 SEO to N2 Fraction (Bay) 0.1 

Fl0 SEO to Burial Fraction (Bay) 0.0 

background nitrogen washed into the bay from the 
ocean (Gulf of Maine) with the tide. In principle, 
this ocean source also includes some treatment 
plant nitrogen originally discharged to the har
bor, but this contribution can be shown to be 
negligible. For example, with a treatment plant 
loading of 2.4 million moles per day and Q2 equal 
to 5 billion cubic meters per day, the average 
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TABLE 2 
Annual Average Loadings from Deer 

& Nut Island Treatment Plants 

Nitrogen Loading 
Type (moles/day) Percent 

DON 509,000 21 

NH4 1,130,000 47 

NO3 256,000 11 

PON 509,000 21 

Total 2,404,000 100 

bay concentration of total nitrogen from treat
ment plant sources would be about 0.5 micro
Molar (µM) - a factor of 30 less than the aver
age ocean concentration shown in Table 3. 

The bay also receives loading from other 
sources including groundwater, other treat
ment plants and other non-point sources. How
ever, these additional sources too are small 
compared with the otean source.14 The load
ings to the bay were calculated from the 
bay/ ocean exchange flow rate, Q2, times the 
ocean concentrations. Average ocean concen
trations (see Table 3) in tum came largely from 

an annual bay survey of Gulf of Maine bound
ary stations (Stations 1, 12 and 13 reported in 
Tables 1 to 6 of Townsend et al.15). Measure
ments did not distinguish BIO from PON, so 
the reported PON values were split equally 
between PON and BIO. There also were no 
measurements of DON. Therefore, it was as
sumed that DON concentrations were 2.5 times 
the measured PON (following measurements 
by Howes and Taylor in New Bedford Har
bor16). While the data in Table 3 represent aver
ages from six cruises over about a year (from 
October 1989 to August 1990), the actual data 
showed significant seasonal variability. For 
these reasons, and because the bay loadings 
rely on an uncertain bay/ ocean exchange rate, 
there is less confidence about the nitrogen load
ings to the bay than about the treatment plant 
loadings to the harbor. 

Solution Procedure. The model consists of a 
set of twelve coupled, linear first-order differ
ential equations representing the twelve nitro
gen pools (six each in the harbor and in the 
bay). Letting A ~present the 12 by 12 matrix of 
rate constants, J the 12 by 1 column vector of 
loadings, and N the 12 by 1 column vector of 
nitrogen inventories: 

-"" 
dN .....,, ....... 
-=AN+L=0 
dt 

1 

TABLE 3 
Simulated & Measured Nitrogen Concentration in the Harbor & Bay (in µM) 

Nitrogen Type Treatment Plant* Harbor •• Bay ... Ocean**** 

DON§ 330 11.8 6.8 5.0 
250-540 1.2-36§§ 1.2-13 1.2-9 

NH4 740 2.8 0.15 0.6 
560-1,070 0.8---7 0.2-1.5 0.05-1.4 

N03§§§ 180 5.7 3.6 8.0 
14-610 0.9-13 7.6---13 4-13 

BIO+PON 330 14.0 5.5 1.0 
250-540 0.5-14.4 0.5-5.4 0.2-1.8 

Notes:• Average (upper) and range (lower) of measurements at Deer Island Sewage Treatment Plant from May 89 to October 91 
" Model prediction (upper) and range of measurements from Reference 15 Sta. 6 (lower) 
"' Model prediction (upper) and range of measurements from Reference 15 Stas. 8 & 9 (lower) 
"" Average (upper) and range (lower) of measurements in the Gulf of Maine from Reference 15 Stas. 1, 12 & 13 
§ "Measured" DON is 250 percent of reported BIO+PON 
§§ Italicized values represent measurements during spring & summer 
§§§ "Measured" NO3 is the sum of reported NO2 plus NO3 
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TABLE 4 
Simulated Nitrogen Inventories & Concentrations Due to Treatment Plant & Ocean Sources 

Run 1 Run 2 Run 3 
(Treatment Plant & Ocean) (Treatment Plant Only) (Ocean Only) 

Nitrogen Inventory Concentration Inventory Concentration Inventory Concentration 
Type (moles x 106) (µM) (moles x 106) (µM) (moles x 106) (µM) 

Harbor 
BIO 6.4 10.7 3.8 

DON 7.1 11.8 3.0 

NH4 1.7 2.8 1.6 

NO3 3.4 5.7 1.7 

PON 2.0 3.3 1.5 

SED 29.8 22.9 

Bay 
BIO 631.1 4.3 23.2 

DON 1,006.3 6.8 29.1 

NH4 22.1 0.15 1.1 

NO3 527.1 3.6 6.4 

PON 175.9 1.2 7.8 

SED 439.7 19.4 

Under the assumption of steady state (which 
ignores tidal and seasonal variations), N can be 
found by matrix inversion as: 

....,. -\ 

N=-A-1 L 2 

The equations were solved by a computer run
ning matrix manipulation software. 

Results 
Base Case. Five runs were made using the base 
case parameters. Run 1 used the sewage treat
ment plant loadings to the harbor arid the ocean 
loadings to the bay. Table 4 displays the simu
lated inventories of nitrogen in both the harbor 
and the bay. The table shows that nitrogen in 
the harbor is mainly in the active sediments (59 
percent), while the bay shows a more even 
distribution among DON, BIO, NO3 and SED. 
The distribution in the harbor is the result of 
high PON loading from the treatment plants in 
comparison with the ocean (see Tables 2 and 3) 
combined with a relatively slow sediment 
decay rate (0.01 d-1) compared with other rates 

6.3 2.6 4.4 

5.1 4.0 6.7 

2.6 0.1 0.17 

2.9 1.7 2.9 

2.5 0.46 0.77 

7.0 

0.16 607.9 4.1 

0.2 977.2 6.6 

0.007 21.1 0.14 

0.04 520.7 3.5 

0.05 168.1 1.1 

420.3 

in the system. 
Concentrations in each of the ten water col

umn pools are also computed in Tables 3 and 4 
by dividing the simulated inventories in the 
harbor by a harbor volume of 600 million cubic 
meters and by dividing the simulated invento
ries in the bay by a bay volume of 150 billion 
cubic meters. Table 3 also includes measured 
average concentrations and the annual range in 
concentration in the harbor and bay. Harbor 
concentrations are represented by Townsend et 
al.'s Station 6, actually located just east of Deer 
Island at the harbor mouth; bay concentrations 
are represented by Stations 8 and 9, located 
approximatel§ 20 and 30 kilometers ENE of 
Deer Island.1 As with the ocean loadings, it 
was assumed that DON equals 2.5 times the 
measured PON. In examining Table 3, it is clear 
that simulated concentrations fall within the 
general range of measurements. The agreement 
is best during spring and summer (when mea
sured NO3 and NH4 are lowest and measured 
PON and BIO are largest). 

The rate of denitrification in the harbor for 
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TABLE 5 
Simulated Harbor Denitrification & Burial Rates as Percentages 

of 'fotal Nitrogen Loading From the Existing Treatment Plants 

Run Description 

Base Case Parameters 

2 Base Case Parameters 

3 Base Case Parameters 

4 Same as Run 2 Except Outfall Moved to Bay 
(Still Primary Treatment) 

5 Same as Run 4 Except Secondary Treatment 
Assumed 

6 Same as Run 2 Except Sediment Decay Rate 
Increased From 0.01 to 0.1 d"1 

7 Same as Run 2 Except PON Settling Velocity 
Increased From 10"5 to 10·4 m/sec in Harbor & 
Bay 

8 Same as Run 2 Except Harbor Residence 
Time Increased From 5 to 10 Days 

8* Same as Run 2 Except Harbor Residence 
Time Decreased From 5 to 3 Days 

9 Same as Run 2 Except Bay Residence Time 
Increased from 30 to 120 Days 

10 Same as Run 2 Except PON Production Rate 
Increased From 0.015 to 0.05 d"1 

11 Same as Run 2 Except Fraction of Harbor 
Sediment Nitrogen Regenerated as N2 

Increased From 0.5 to 0.75 

12 Combination of Runs 7-11 

13 Combination of Runs 7-11 

this run is 0.12 million moles per day, while the 
rate of burial plus dredging is 0.06 million 
moles per day. Table 5 expresses these rates as 
five and 2.5 percent, respectively, of the treat
ment plant loading of 2.4 million moles day. 
The value of five percent for harbor denitrifica
tion compares with an annual estimate of about 
eight percent extrapolated from denitrification 
measurements by Kelly and Nowicki.2 Ongo
ing denitrification measurements (from April 
to September 1992) that were uncorrected for 
season or sediment type also indicate that 
about eight percent of harbor nitrogen is being 
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Loadings Nitrogen Loss 
Include: in Harbor Sediments 

Plant Ocean Denitrif. (%) Burial (%) Total (%) 

Yes Yes 5.0 2.5 7.5 

Yes No 3.8 1.9 5.7 

No Yes 1.2 0.6 1.8 

Yes No 0.06 0.03 0.09 

Yes No 0.04 0.02 0.06 

Yes No 3.8 1.9 5.70 

Yes No 8.2 4.1 12.3 

Yes No 5.8 2.9 8.7 

Yes No 2.7 1.3 4.0 

Yes No 3.9 1.9 5.8 

Yes No 4.5 2.3 6.8 

Yes No 5.7 1.9 7.6 

Yes No 19.5 6.5 26.0 

Yes Yes 22.1 7.4 29.5 

denitrified.17 Meanwhile, the 2.5 percent burial 
rate compares with Kelly and Nowicki's sum
mary of measurements that indicates about a 
four percent rate.2 Their estimates refer to a 
time when sludge was still being discharged to 
the harbor. Once the practice was stopped in 
December 1991, nitrogen loading (and, hence, 
harbor denitrification and burial rates) could be 
expected to fall by about ten percent. 

The sources of nitrogen contributing to the 
harbor denitrification and burial rates in Run 1 
include both the direct treatment plant loading 
to the harbor and the ocean loading. Runs 2 and 



3 were made to help distinguish these two 
sources by including only the treatment plant 
nitrogen (for Run 2) and only the ocean nitro
gen (for Run 3). Resulting concentrations are 
listed in Table 4. The computed harbor denitri
fication and burial rates, expressed as a per
centage of the existing treatment plant nitrogen 
loading, are shown in Table 5. In each table, the 
sum of the results for Runs 2 and 3 equals the 
result for Run 1, which is to be expected since 
the model is linear. Data in Table 4 suggest that 
the majority (57 percent) of the total nitrogen 
concentration in the harbor comes directly 
from the treatment plants, and that . only a 
minor fraction (three percent) of the total nitro
gen concentration in the bay comes directly 
from the treatment plant. Comparing Runs 2 
and 3 in Table 5 suggests that about 75 percent 
of the total nitrogen loss occurring in Boston 
Harbor is due to nitrogen discharged directly 
from the treatment plants, while 25 percent is 
imported from the Gulf of Maine. From Run 2, 
the fraction of treatment plant nitrogen that is 
simulated to be lost in Boston Harbor is about 
5.7 percent with the remainder being trans
ported to Mass Bay. 

It is instructive to compare the simulated 
harbor sediment loss rate of 5. 7 percent for Run 
2 with an estimate that ignores biochemical 
recycling in the water. Particulate organic nitro
gen represents approximately 21 percent of the 
harbor loading (see Table 2). Treating the har
bor as a well mixed box characterized by a 
hydrodynamic residence time of five days and 
a characteristic settling time of seven days (av
erage depth of six meters divided by a settling 
rate of 0.001 centimeters per second) suggests 
that approximately 42 percent of the solids set
tle in the harbor. If 60 percent of the settled PON 
is lost ( 40 percent to denitrification and 20 per
cent to burial), then the percentage of the total 
treatment plant nitrogen loading that is lost in the 
harbor would be approximately 5.3 percent (21 
percent times 42 percent times 60 percent), close 
to the simulated 5.7 percent. The small differ
ence may result from the fact that some of the 
dissolved nitrogen (NH4, NO3 and DON) gen
erated by the sediments later becomes PON, 
resettles and is either denitrified or buried. 

In order to evaluate the effect of moving the 
outfall (without changing the level of treat-

ment), a fourth simulation was made, in which 
the treatment plant loading was moved from 
the harbor to the bay and the ocean loading was 
again omitted. Table 5 indicates that a small 
fraction of this loading will still be denitrified 
in Boston Harbor (about 0.06 percent). A total 
of 0.09 percent will be lost through a combina
tion of denitrification, burial and dredging. The 
net. effect of moving the outfall would be found 
by subtracting the latter percentage from the 
corresponding percentage of Run 2 (5.7 per
cent), yielding a value of 5.6 percent of the 
treatment plant loading. Thus, to the extent that 
the model formulation and parameters are re
alistic, the effect of the outfall relocation (leav
ing the level of treatment constant) will be to 
increase the effective nitrogen loading to the 
bay by somewhat less than six percent. 

A final simulation (Run 5) was made to eval
uate the combined effect of moving the outfall 
and implementing secondary treatment, which 
is scheduled for 1999. Effluent from an acti
vated sludge plant is expected to contain nitro
gen primarily in the form of ammonia and 
nitrate, with comparatively small percentages 
of organic nitrogen. Accordingly, the percent
ages of NH4, NO3, DON and PON are assumed 
to be 50, 40, 5 and 5, respectively. Total nitrogen 
loading is also expected to decrease somewhat 
following secondary treatment. For example, in 
a recent survey of U.S. sewage treatment plants 
compiled by Murcott and Harleman, the aver
age total nitrogen removal rate reported for 
primary treatment was 15 percent, while that 
for biological secondary treatment was 31 per
cent.18 Run 5 was based on the assumption that 
the total nitrogen loading will be reduced by 15 
percent. Table 5 indicates that the absence of 
much settleable PON in the secondary effluent 
and the smaller total nitrogen loading result in 
even less denitrification in the harbor (about 
0.04 percent) and total loss (about 0.06 percent) 
than predicted for Run 4, although both per
centages are very small in absolute value. The 
net effect of moving the outfall and implement
ing secondary treatment will be a decrease in the 
effective flux of nitrogen to the bay of about 
nine percent (94 percent of the existing primary 
load that reaches the bay minus the future sec
ondary load assumed to be equal to 85 percent 
of the existing primary load). It is recognized 
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that these calculations are average loadings to 
the entire Massachusetts and Cape Cod bay 
system; the change in nitrogen composition ac
companying secondary treatment may result in 
more rapid nitrogen uptake, which in tum 
could result in local regions of high productiv
ity, an effect that cannot be computed in a two
box model. 

Variations from the Base Case. In order to 
gauge the sensitivity of the calculations to 
model uncertainty, two sets of sensitivity tests 
were made. In the first set (not shown), the 
response of each of the twelve nitrogen pools to 
a systematic five-percent increase in each of the 
rates indicated in Table 1 was determined. This 
sensitivity analysis was used to understand 
which rates deserved further attention and to 
understand, in general, whether the biochemi
cal or the transport (i.e., hydrodynamic and 
settling) factors are more important. It ap
peared that two of the most important rates were 
the harbor/bay exchange rate and the PON set
tling rate, both essentially transport factors. 

Sensitivity tests are often used as the first 
step in model calibration. At this point, no seri
ous calibration was attempted because data 
show substantial seasonal variation that cannot 
be handled with a steady state model. Based on 
a comparison of measurements with the results 
of Run 1, some parameter adjustment would 
certainly be warranted, but the parameters ap
pear to be reasonable. 

Eight large-scale parameter changes were 
also tested (Runs 6 to 13). These tests were 
guided by results of the earlier sensitivity 
study. These changes, in most of the cases, were 
designed to increase loss of nitrogen in the 
harbor sediments. Table 5 shows the results of 
these changes in terms of the percentage of 
treatment plant nitrogen that is either denitri
fied or buried in the harbor. Like Runs 2 and 4, 
Runs 6 to 12 were made with the ocean loading 
turned off; hence, the results of the changes can 
be compared to the base case Run 2. 

In Run 6, the decay rates in the sediment 
boxes (R14 and Rl5) were increased by ten 
times (from 0.01 to 0.1 d-1 ). Original sensitivity 
had shown that this increase had no effect on 
denitrification. Table 5 shows it has no effect 
even for a large change. The result of an in
crease in decay rate corresponds to a decrease 
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in sediment nitrogen inventory so that their 
product, which is proportional to the sediment
to-water nitrogen flux, is unchanged. 

In Run 7, the PON settled at a faster rate (ten 
times faster than the base case). During spring 
PON may be dominated by fecal pellets from 
zooplankton. These pellets are hard and com
pact and settle much faster than other particu
late matter. With the increased deposition rate, 
the sediment nitrogen losses were increased by 
a factor of about two (to a total of 12.3 percent). 

In Runs 8, 8* and 9, the exchange rates, Q1 

and Q2, were adjusted. Run 8 shows that in
creasing the residence time from five days to 
ten days results in an increase in sediment ni
trogen loss by a factor of about one and one half 
(from 5.7 to 8.7 percent). However, the concen
tration of BIO plus PON in the harbor for this 
run is 18.9 µM with treatment plant loading 
only. It becomes 26.1 µM with both treatment 
plant and ocean loading. Both concentrations 
are higher than the range of measured concen
trations shown in Table 3. Therefore, Run 8* 
was made in which the harbor residence time 
was decreased to three days. (This time is still 
within the range of field observations and is 
consistent with numerically simulated flushing 
rates made by Signell for regions near the har
bor mouth that exchange rapidly due to the 
deep shipping channels.19) For this run, the 
nitrogen losses in the harbor sediments de
crease to 4.0 percent, while the harbor concen
tration of BIO plus PON drops to 5.1 µM. If the 
ocean nitrogen loading is included, nitrogen 
losses in the harbor sediments total 5.2 percent 
and the harbor BIO plus PON concentration 
becomes 9 .4 µM, well within the range of obser
vations. The simulations suggest that the har
bor residence time is more likely to be less than 
five days rather than more. Rather than mas
sive denitrification, rapid flushing of the outer 
reaches of Boston Harbor may better explain 
why eutrophication has not been a problem in 
Boston Harbor and why nitrogen levels are as 
low as they are, despite the high loadings from 
the existing treatment plants. Run 9 shows that 
increasing the bay residence time from 30 to 120 
days results in an insignificant increase in the 
nitrogen losses in the harbor sediments from 
5.7 to 5.8 percent. 

PON is created in the model from BIO 



through zooplankton excretion and phyto
plankton and zooplankton death. Run 10 re
veals that increasing the governing rate (R7) 
from 0.015 to 0.05 d-1 results in an increase in 
nitrogen losses in the harbor sediments from 
5.7 to 6.8 percent. 

The fraction of the sediment decay that 
yields nitrogen gas is obviously one of the most 
critical model parameters. Run 11 suggests that 
increasing this fraction by 50 percent (from 0.4 
to 0.6, with the remaining 0.4 split evenly be
tween NH4 and burial) results in a proportional 
increase in the harbor denitrification percent
age from 3.8 to 5.7 percent and an increase in 
the nitrogen losses in the harbor sediments 
from 5.7 to 7.6 percent. 

The final runs (Runs 12 and 13) were made 
by simultaneously using a combination of the 
changes tested in Runs 7 through 11. The PON 
settling rates were increased to 1.5 and 0.25 d-1 

for the harbor and bay, respectively. The harbor 
and bay residence times were 10 and 120 days, 
respectively. The PON production rate was in
creased to 0.05 d-1, and the sediment denitrifi
cation fraction was increased to 0.6. Run 12 
includes treatment plant loading. Run 13 in
cludes loading from both the treatment plants 
and the ocean. While each of the above changes 
might individually reflect reality, they do not 
appear to be realistic in combination, especially 
as a representation of annual average condi
tions. Nonetheless, the upper bounds on nitro
gen loss in the harbor sediments of 19.5 (deni
trification), 6.5 (burial) and 26 percent (total) 
indicated for Run 12 are still modest fractions 
of the treatment plant loading. They are com
parable in absolute value with the decrease of 
about 15 percent that can be expected once 
secondary treatment is implemented. The 
upper bound on harbor denitrification of 22.1 
percent indicated for Run 13 is less than one
third of some previous estimates (about 70 per
cent). 

Summary & Conclusions 
A simple box model was developed to study 
the nitrogen cycle in Boston Harbor and Mas
sachusetts and Cape Cod bays and to provide 
bounding estimates of the amount of denitrifi
cation that occurs as the result of the discharge 
of nitrogen through the existing treatment 

plants. The following conclusions can be 
drawn from this study: 

1. Using a priori parameter estimates, the 
amount of denitrification taking place in 
harbor sediments represents about five per
cent of the nitrogen loading from the treat
ment plant, while the loss due to sediment 
burial represents about 2.5 percent. The total 
nitrogen loss in harbor sediments is thus 
about eight percent. The denitrification rate 
of five percent compares with about eight 
percent computed by Kelly and Nowicki 
based on direct measurements.2 Given all of 
the uncertainties, the fairly close agreement 
suggests that the model formulation and pa
rameters are reasonable. 

2. About 25 percent of the computed ni
trogen loss in harbor sediments is due to 
background nitrogen that is transported to 
the harbor from the Gulf of Maine or from 
other sources in Mass Bay. The simulated 
percentage of treatment plant nitrogen that 
is lost is about six percent, meaning that 94 
percent of the nitrogen loading to the harbor 
is being exported to Mass Bay. 

3. Moving the outfall into Mass Bay (with 
no changes in the level of treatment) would 
thus increase loading to the bay by about six 
percent. Implementing secondary treatment 
will remove about 15 percent of the nitrogen, 
so the average nitrogen loading to the bay 
would decrease by nine percent compared 
with present conditions. This decrease is in 
addition to a similar loading reduction that 
occurred when sludge was no longer dis
charged to the harbor ( after December 1991 ). 

4. The model is sensitive to many param
eters that are uncertain. Perhaps the most 
important is the harbor /bay exchange rate 
characterized by the harbor residence time. 
Comparing simulated and measured con
centrations of biological and particulate or
ganic forms of nitrogen suggests that rapid 
flushing of the outer reaches of Boston Har
bor may be a better explanation than high 
rates of denitrification for the absence of 
eutrophication and the modest nitrogen con
centrations observed in Boston Harbor, de
spite the high nitrogen loading from the ex
isting treatment plants. 
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5. Using simultaneous upper bound esti
mates (leading to maximum denitrification 
and burial) for the most sensitive parameters 
yields a computed total nitrogen loss in har
bor sediments of 26 percent of the treatment 
plant loading (using treatment plant load
ings only). While substantially larger than 
the base case value of about six percent, it 
still suggests that most of the existing treat
ment plant nitrogen is being flushed to the 
bay. Similarly, the upper-bound estimate on 
harbor denitrification for both treatment 
plant and ocean loadings of about 22 per
cent, while substantially larger than the base 
case value of five percent, is significantly less 
than some previous estimates (about 70 per
cent) that have been made by extrapolating 
measurements without due consideration of 
transport processes. 

6. As formulated, the model is oversim
plified, particularly because its spatial repre
sentation is based on two boxes and the fact 
that it is steady state. Based on the sensitivity 
tests, additional sophistication could easily 
be justified. Additional steps, in increasing 
order of complexity, could include using 
more boxes, incorporating the nitrogen cycle 
dynamics into existing 2-D (depth-average) 
time-dependent hydrodynamic and trans
port models, 5,19 and, finally, incorporating 
the nitrogen cycle dynamics into 3-D time
dependent models that are beginning to be 
applied to Mass Bay. In the last two cases, 
attempts should also be made to calibrate 
model parameters. 

7. Although more sophisticated models 
are certainly justified, the simple box model 
calculations are instructional, both as an ed
ucational tool (the original purpose of this 
study) and as a preliminary way to put 
boundaries on a complex problem. 
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Historical Perspective 

The Middlesex Canal 

This pioneering engineering 
work proved that canals could 
serve as a practical and efficient 
means of transportation needed 
for a new and growing 
industrial nation. 

H. HOBART HOLLY 

The Middlesex Canal was Mass
achusetts' first National Historic Civil 
Engineering Landmark (NHCEL). It 

was so designated in 1967, one of the first four 
NHCELs in the country. The other three were 
the Erie Canal and two bridges. 

In addition to its importance as a pioneering 
engineering achievement, the Middlesex Canal 
has special significance to the engineering his
torian because the engineering papers of 
Loammi Baldwin (1745-1807), its builder, have 
survived. These records are part of the Baldwin 
Papers, a collection, or really three collections, 
that is included in the Inventory of Collections 
of Plans and Other Engineering Material of 
Historical Interest at The Engineering Center in 
Boston. These records give us a better under
standing and appreciation of this great achieve
ment and other notable projects of the Bald
wins. 

While Benjamin Wright, the engineer for the 
Erie Canal and later canals, has been called the 
"Father of American Civil Engineering," 
Massachusetts' Loammi Baldwin must be 
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ranked high among the pioneers of our profes
sion. The Middlesex Canal was his greatest 
achievement. 

The Middlesex Canal was not the first exten
sive system of canal and river navigation works 
unctertaken in the United States. This distinc
tion belongs to the Potowmack Canal and Locks 
in Virginia. That canal was started in 1785 and 
completed in 1802. Surveys for the project were 
initiated by George Washington in 1749. How
ever, it was the Middlesex Canal that proved, 
through low freight rates and expanded traffic, 
that canal transportation in the United States 
was practical and economical. With many pion'
eering features, it served as a precedent for 
many engineering aspects of the Erie Canal. 

Origins 
It was in 1793 that a group of Boston business 
leaders sought to improve the transportation of 
goods from the Merrimack River to Boston. At 
that time, goods were brought down the Mer
rimackfrom New Hampshire on river craft and 
then transferred to wagons or seagoing craft for 
the remainder of the trip to Boston. This mode 
of transportation was costly in time and money. 
The idea of a canal is believed to have origi
nated with James Sullivan, a prominent Bosto
nian who later became Governor of the Com
monwealth. The Middlesex Canal Company 
was chartered in 1793 with Sullivan as Presi
dent. Chosen as superintendent of the canal 
project was Loammi Baldwin, of Woburn, Mas
sachusetts. This self-educated surveyor and en
gineer also is known for developing a variety 
of apple - the Baldwin apple. 
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FIGURE 1. The route of the Middlesex Canal. 

When he was selected to head the project, 
Loam.mi Baldwin had little knowledge of canal 
construction and lock operation. He studied 
what books on the subject were available in 
the Harvard College library. He had his first 
view of locks in 1794 when he visited the 
Potowmack Canal, which was then under con
struction. Baldwin knew his limitations and 
insisted that the directors of the canal company 
provide for the assistance that he needed. 

It was with the help of the directors of the 
company and Samuel Thompson, of Woburn, 
that Baldwin began the survey for the selection 
of the canal route. The crude instruments avail
able at that time for surveying resulted in such 
a high rate of error that Baldwin was convinced 
that the services of a qualified engineer 
were required. Sullivan and the company di
rectors authorized Baldwin to seek the ser
vices of William Weston, the only person in the 
country qualified to undertake a reasonably 
accurate survey. Weston had recently ar
rived from England and was then engaged in 
work in Philadelphia. Responding to a lucra
tive offer, Weston agreed to work on the survey 
with Baldwin for three weeks. When in Phila
delphia, Baldwin acquired an early form of the 

Wye level, the first accurate telescopic leveling 
instrument to be used in America. On the sec
ond of August 1794, Weston submitted his sur
vey that consisted of two routes. One route was 
selected for the canal; the other was later se
lected for the route of the Boston & Lowell 
Railroad. Figure 1 shows the two routes. From 
that point on, Baldwin was on his own. 

Canal Design 
The canal bed was 20 feet wide at the bottom 
and 30.5 feet wide at the waterline with banks 
sloping 33 degrees. The design depth was 3.5 
feet, but silting reduced it to about three feet. 
Between the locks it was graded for a steady 
flow of water. The banks extended one foot 
above the waterline with a ten-foot wide tow 
path on one side and a three-foot berm on the 
other where needed. Small brooks were carried 
under the canal bed in brick culverts; larger 
streams were carried over the canal by timber 
aqueducts. The largest of the eight aqueducts 
spanned the Shawsheen River. This structure 
was 188 feet long and was over 30 feet above 
the river. Visitors from afar came to view this 
impressive structure. In all, there were over 
fifty bridges across the canal. Many of them 
carried roads, while others were used by farm
ers whose property had been divided by the 
canal. An ingenious feature was the floating 
tow path that spanned the Billerica mill pond. 

Construction was planned to start at the 
highest elevation along the canal route in 
Billerica. At that point, the canal was to cross, 
and be fed by, the Concord River. From the mill 
pond that was fed by the river, one flow of the 
canal would be directed northwest to the Mer
rimack River with a drop of 27 feet through 
three locks. The second flow would be to the 
southeast 21.5 miles to the Charles River in 
Charlestown, with a drop of more than 100 feet 
through thirteen locks. The total length of the 
canal was 27 miles and four more locks were 
required at the Merrimack, Concord, Charles 
and Mystic Rivers. 

Canal Construction 
While Sullivan and the company's board of 
directors were much involved and actively co
operative in the project, Baldwin was responsi
ble for it down to the smallest detail. The hy-
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draulic design was Baldwin's. He was the en
gineer for the de~ign and construction of all 
canal structures including locks, aqueducts and 
bridges. For much of this work, he had little 
precedent to guide him. 

In carrying the construction project through 
to completion, Baldwin exhibited a genius for 
meeting every challenge that confronted him. 
Few engineers have had to undertake some of 
the tasks that fell to him. One of these tasks 
entailed responsibility for operating a mill that 
th~ company had acquired along with the 
Billerica mill pond and land for the canal. 

After Weston left, Baldwin completed what 
remained to be done with the surveying. The 
project started immediately after the survey 
with the purchase of land, the contracting for 
the work tp be done and the gathering of mate
rials. Much of the digging was done by small 
landowners whose property adjoined the canal 
route when manpower could be spared from 
farm work. The digging took place in many 
locations simultaneously under Baldwin's su
pervision. 

Other work on the canal was contracted out. 
At times, Baldwin had 500 persons working on 
the project. Some of the laborers were housed 
in barracks provided by the company. Baldwin 
was responsible for providing fodder for sev
eral hundred horses and mules. In Billerica, 
the company operated a blacksmith shop with 
Baldwin in charge. All the tools and equipment 
needed for the project- from shovels to wheel 
barrows - were manufactured at this shop. 
Also at this shop, Sullivan and Baldwin in
vented the dump cart. It was Sullivan's idea, 
and Baldwin built several prototype models 
before settling on one that became standard. 

In common with all early canals, obtaining 
water-tightness of the earth banks and bottom 
was a problem. Baldwin experimented with 
many methods of puddling, tamping and con
solidating with reasonable, but not complete 
success. 

The design and construction of the locks was 
a major engineering endeavor. The fine quality 
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of the granite block stonework is proved by the 
fact that some of the stone structures are still 
standing. 

Obtaining a good hydraulic cement that 
would harden under water was a real problem 
for Baldwin. At that time, hydraulic cement 
was made from granite dust and trass, a volca
nic substance that had to be imported at great 
expense. In seeking a substitute, Baldwin 
learned of a volcanic ash that was used in the 
West Indies. The company immediately hired a 
sloop that brought back 40 tons of this new 
trass, along with instructions on how to mix it. 
Baldwin altered this procedure in a way that 
had a permanent influence on commercial ce
ment manufacture in this country. 

All of the locks on the canal were 12 feet wide 
and over 75 feet long. Canal boats were flat
bottomed, measured nine to 9 .5 feet wide, were 
40 to 75 feet long and had a capacity up to about 
25 tons. Passenger canal boats also became very 
popular. In 1812, the company experimented 
with a steam engine in a canal boat - the first 
such endeavor in this country. However, the 
experiment was not a success that time. 

Conclusions 
After ten years in building, the completed Mid
dlesex Canal was opened on December 31, 
1803. It provided a cheaper means of transpor
tation than had been known before. It justified 
the vision of James Sullivan and the other mem
bers of the Middlesex Canal Company, and 
established Loammi Baldwin as one of the 
great pioneer engineers in this country. 
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