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Oblique Airphotos for
Mapping, Educating Users,
and Enhancing Public
Participation In
Environmental Planning

Harry W, Smedes, U.S. Geological Survey, Denver, Colorado
A, Keith Turner, Colorado School of Mines, Golden
John C. Reed, Jr., U.S. Geological Survey, Reston, Virginia

Low-altitude oblique color airphotographs were used in a case study of
land use planning in Jefferson County, Colorado. Because these photo-
graphs help bridge the gap from the real world to maps, they readily en-
abled the authors to communicate information traditionally available
only in map format to the general public, county planners, and a citizens’
open space advisory committee. The photographs helped educate citizens
in the county about current land use conditions and trends and the degree
and rate of land use changes. They documented the impact of urban
sprawl and the demands on the land made by competing activities such

as resource extraction and housing development. The photographs were
used in studies that included siting of open space, landfills, septic tanks,
and housing developments; making excavation easier; extracting resources;
selecting corridors; and determining optimum sequential patterns of de-
velopment. In these studies, the photographs helped explain the meaning
of technical terms, illustrated the difference and significance of various
classes of land use and land cover, and aided in compiling maps and in teach-
ing users how to interpret the maps and establish criteria and guidelines
that define suitable lands for different uses. These photographs provide
graphic documentation of environmental conditions at specific times and
greatly facilitate the evaluation of the impact of changes due to various
land use activities and natural processes.

Low-altitude oblique color airphotographs have proved to
be a highly effective communications medium for en-
vironmental planning. They provide a familiar but more
encompassing view of our environment, similar to views
from a mountain ridge or a tall building, This similarity
allows most people to readily grasp what is portrayed by
these photograph.

Traditionally, maps are relied on heavily in attempts
to communicate data to intended users. Most people
who use maps in their professions take maps for granted
because they readily understand them. Some now realize,
though, that important classes of users, including many
politicians, other decision makers, and much of the gen-
eral public, do not understand maps. Yet, recent legisla-
tion, such as the National Environmental Policy Act of
1969, requires the public to participate in a decision-
making process that should be based in large part on

Publication of this paper sponsored by Committee on Photogrammetry
and Aerial Surveys.

maps. To transfer information from the scientists and
engineers to lay public users, one needs to portray
conventional map data by alternate means. Verticalair-
photographs have been used for this purpose. Our ex-
perience indicates that the average person finds the con-
ventional vertical airphotograph to be nearly as difficult
to understand as a map. For a product to be used by the
decision maker and other users, it must be understood
by them., Otherwise, it has no credibility, Therefore,
in this study we taught map reading to users by letting
oblique color airphotographs serve as an intermediate
and familiar link to relate the conditions on the ground
to the way these features are shown on a map in gen-
eralized or abstract form.

Lay people have difficulty in relating to maps because
they lack an understanding of the complex and subtle rea-
soning used by the mapmaker in grouping certain assem-
blages of terrain conditions as a single map class. Maps
use a uniform color, patterns, or symbol to define
what appears to be a heterogeneous terrain unit. The
real world does not appear so simple and as neatly
subdivided as it is portrayed on maps. By means of
oblique airphotographs, we can illustrate the kinds of com-
plex assemblages that are mapped as a unit and explain
the rationale of why we drew the boundary locations. We
can point to places on a low-altitude oblique color air-
photograph to show what the green color on the map
represents. The impression that a uniform green color
on the map is akin to a well-kept golf green gives way
to an understanding that it connotes instead anassemblage
of residual soil interrupted by outcrops of bedrock and
covered by gcattered stands of brush and grass (for ex-
ample, the dissected hills in the middle ground of Fig-
ure 1). The map then begins to change from something
abstract into something that has meaning to nontechnical
people. Lines and points on it are understood as de-
scribing specific conditions as well as location.

In addition to being a useful and effective means of
illustrating and clarifying the information contained in
maps, the oblique color airphotographs can provide an
inexpensive documentation of environmental conditions
at specific times. Any good-quality 35-mm camera
hand held in a light aircraft can do the job well. Photo-
graphs taken several seconds apart, centered on the



same object, provide excellent stereoscopic views,
which add more depth, realism, and information when
viewed with a stereoscope (E). Any of these photo-
graphs may be used later to evaluate and document the
consequences of land use changes. For best results,
the photographs should be taken through an open window
or door of the airplane rather than through the Plexiglas
of the window. In addition, the film speed should be
considered as about 1% times normal, For example,

if the film speed listed by the manufacturer is 64, the
light meter should be set for a film speed (revised) of
about 100 to prevent overexposure,

Our experience over the past 3 years in Jefferson
County, Colorado, serves as a case study. During this
period, oblique color airphotographs were effectively
used in a sequence of tasks that included (a) educating
the voters about the need for legislation for open space,
(b) educating lay persons on advigsory boards and in civic
groups about the means of implementing the legislation,
(c) complhng maps, (d) explaining the maps to the  users,
and {&) documenting both objective and subjective fea-
tures of the terrain. The oblique airphotographs were
especially useful in mapping vegetation assemblages be-
cause they permitted us to interpret the understory or
substratum by allowing us to see beneath the canopy of
evergreens in the mountains and uplands.

JEFFERSON COUNTY CASE
STUDY

The Need

Initially the need was to educate the voters about the
problem of accelerating depletion of open space lands in
Jefferson County (11). In 1972, concerned citizens formed
an action group called PLAN Jeffco to determine the best
way to get an official open space program, with suf-
ficient funds to acquire and maintain land suitable for
preserving as open space. This group decided to at-
tempt to have an additional sales tax enacted as the
source of funds, even though this traditionally is the
most difficult kind of legislation to get voters to agree
to. A detailed account of how this citizen group was
formed and how it operated and succeeded in getting open
space legislation passed for the entire county is given by
Ward (14).

A resolution caiiing for pianning for, deveioping nec-
essary access to, acquiring, maintaining, administering,
and preserving open space real property and developing
paths and trails thereon was adopted by unanimous vote
of the Board of County Commissioners of Jefferson
County, Colorado, September 26, 1972, The resolution
passed during the election of November 7, 1972,

Many individuals and civie groups rallied behind the
PLAN Jeffco campaign to get the open space legislation
passed. John C. Reed and Harry W. Smedes were among
those who helped design the lecture program that served
to alert the county voters about current land use condi-
tions and trends that threatened the vital open space
lands. Color slides were an integral part of the lectures;
they included oblique airphotographs that provided en-
lightening views of the terrain. Repeated low-altitude
color airphotographs powerfully illustrated changing land
use., For example, a present-day oblique airphotograph
(Figure 2), which closely duplicates the camera position
and angle of an airphoto taken 38 years earlier (Figure
3), demonstrates the degree and rate of land use changes
and effectively documents the impact of urban sprawl on
the land. Such photographic comparison has sparked
much interest by the lay public.

Oblique airphotographs were used to explain the sig-
nificance of technical terms and to illustrate specific

problems such as development in uniquely scenic areas
(Figure 4) or in potentially hazardous areas (Figure 5).
No maps were used at this stage.

In Figure 4, the following codes are used:

Code Term Code Term

hr Hogback ridges mf Mountain front

hv Hogback valleys mu Mountains and uplands
tl Tablelands

Approximately 200 hm® (500 acres) of the area shown in
Figure 4 were purchased on November 3, 1975, by the
Colorado State Parks and Recreation Board to be set
agide as the state's sixth park, This purchase provides
one more link on the Colorado Trail, which leads from
metropolitan Denver into the Pike National Forest. The
area shown in Figure 5 is one of rapidly expanding hous-
ing development on landslide-prone deposits and slopes.

The open space legislation passed by a wide margin in
the county election of November 1972, Key items in-
cluded were (a) 0.5 percent increase in sales tax to be
used to acquire suitable lands for open space and (b) for-
mation of a citizens' open space advisory committee of
10 persons to advise the 3 county commissioners on
what constituted suitable lands. Thus the immediate
goal was to educate the advisory committee and, through
them, the commissioners, on the rationale needed to
objectively define ''suitable." The first stepinthis educa-
tion was to compile maps, teach the users how to in-
terpret the maps, and assist them in establishing cri-
teria and formulating logical and objective guidelines or
strategies that define suitable lands for open space.
Continuing their initiative and involvement, private
citizens with a wide variety of backgrounds and technical
expertise made several maps that portrayed attributes
important for any strategy of selecting land for open
space. Because environmental impact studies involve
a consideration of the consequences of a change in land
use, a map showing current land use was of prime im-
portance. Such a map did not exist for the county but
was prepared by two of the authors (Reed and Smedes)
irom National Aeronautics and Space Adminisiration
high -altitude color photographs in about 1 man-week.
Oblique color airphotographs were used in public
hearings, symposia, and meetings of smaller groups to
illustrate the differences and significance of the various
classes of current land use and land cover. Without a
comprehension of this single land use map, citizens
would not have been able to go on to more complex con-
cepts, such as cartographic overlay of two or more maps
and the use of maps portraying rock, soil, vegetation,
and the like, to arrive at concepts of land capability,
which is quite a different concept than current land use.
At public meetings we presented our ideas concerning
the data that would be useful and that also existed or
could be compiled readily on the basis of objective cri-
teria. We also suggested and demonstrated—through
manual techniques at first and later by computer—a
rationale for putting together strategies for selection of
optimum land for open space. Throughout all this, ef-
fective use was made of oblique color airphotographs as
an aid in assisting lay persons to bridge the gap from
real-world conditions to maps. The advisory committee
responded enthusiastically to these ideas and began to
assume leadership in making decisions about data and
gtrategies or guidelines.



User Groups

Clearly, the immediate user was the advisory commit-
tee, a group of 10 citizens representing a cross section
of the public. The county commissioners to whom the
advisory committee made recommendations composed a
second user group, and the citizens of the county formed
a third. Through a series of regional meetings, the
advisory committee, the director of the open space pro-
gram, and the Jefferson County Planning Department
presented the program to the citizens of the county.
These regional meetings served to educate the citizens
about the open space program and to encourage citizens
to give their views on open space priorities. Oblique
color airphotographs again played an important role as
an alternate for or supplement to maps in the transfer
of technical information to the general public. As a
result of the citizens' comments and recommendations,
the criteria to be used for selecting open space were
modified and expanded.

Because open space planning fits into and should be
in harmony rather than in conflict with master planning,
the Jefferson County Planning Department became a
user group. Subsequently, the Jefferson County Plan-
ning Department adopted our approach for use in long-
range planning and master planning ().

Approach

There is an urgent need to devise a system of combining
and manipulating new and existing data, to reformat the
data into products that are understandable, and to educate
the public and decision makers by aids such as oblique
airphotographs.

There are many competitive demands on the land.
Our approach is that no one demand should be con-
sidered out of the context of all the others (7). Land
use planning (including open space selection'Y, land
management, and evaluations of the environmental im-
pact of specific changes in land use require a considera-
tion of the total environment. Wise management will
ensure proper balance of these competitive demands
and will reduce the likelihood of thoughtless foreclosures
of fundamental options. This requires map, point, and
tabular data of such varied attributes as types of land
cover and terrain; surface and subsurface natural phys-
ical features such as slope, landform, type of rock,
thickness and nature of surficial deposits, surface and
subsurface hydrology, vegetation, soils, wildlife hab-
itat, and rangeland quality; ecology; socioeconomic
features such as income, ethnic concentrations, and
available labor skills; and locations of key facilities.

It is true that we need to accelerate the acquisition
of pertinent data. However, many of the data that
already exist are not being used because they are peer-
oriented rather than user-oriented. In this study a
means was developed for combining and analyzing the
diverse types of environmental data in a common for-
mat by way of a cellular composite computer mapping
system. The approach was to select those data that
already existed or that were inexpensive and easy to
acquire, and that would eliminate the maximum amount
of county land that really was not suitable for open space.
This meant that the places selected had a high statistical
likelihood of meeting all the criteria. After having
reached a level of understanding of individual maps, the
users were then shown how two or three maps could be
cartographically overlaid to portray those places where
optimum features on the several maps coincided. These
places were of higher rating than others. The oblique
airphotographs served as an aid in this step also. At
this time, it became clear to us, and to the users, that

cartographic overlays were largely subjective and that,
if more than four or five maps were overlaid, the result
was a hopeless scramble of lines and colors. Objective,
manually prepared overlays were time consuming and
costly. This awareness prepared the way for objective
weighting and overlaying by computer, as described by
Smedes and others (7).

The next step in selecting optimum sites was to use
data that were more difficult and expensive to acquire.
Although those were more costly per hectometer?, far
less area was being considered. Hence this was a cost~
effective approach to problem solving. The lay person
group now had a good understanding of maps, composites
of maps, and formulation of rational objective criteria
or strategies for selection of open space tracts.

The next stage was to demonstrate how the computer
could accomplish the same steps faster and more ac-
curately. Without having systematically built up to this
level of understanding through numerous short briefings
supported by color oblique airphotographs, the group
could not have envisaged how the computer could ac-
complish the job of weighting and overlaying numerous
maps according to specified strategies and alternatives.

After computer-selected sites were printed, the oblique
color airphotographs were helpful documentations of
what the preliminary selected sites really looked like.
Some attributes that were not covered by any of the basic
maps could be detected and were portrayed by these
photographs. In addition, subjective features such as
scenic beauty could be evaluated and used in further
eliminations to finally zero in on the most desirable,
available tracts. For example, a unique combination
of features produced the striking landscape shown in
Figure 4, This can be readily compared with other
areas such as the undeveloped area of Figure 1 and part
of Figure 5.

Although other computer mapping experiments have
been made (1, 2, 3, 4, 5 10, 12), some considered only
physical features and others considered only social or
economic conditions. This Jefferson County study is the
only one that we know of in which (a) both the natural and
socioeconomic conditions (the total environment) were
considered, (b) users were actively involved in the de-
sign and conduct of the study, (c) users were taught
how maps are made and interpreted and how planning
strategies can be objectively formulated, (d) users made
the decisions involving attributes (maps) and weights
(priorities), and (e) users adopted the complete system
and concept as an ongoing operational procedure, in-
cluding periodic taking of oblique color photographs from
aircraft.

Although we started by addressing only the open
space problem, we were able at the last moment to
expand the study to include commonly occurring land
use problems such as selecting optimum sites for
sanitary landfill, septic tanks, and housing develop-
ments; making excavation easier; selecting corridors;
and determining optimum sequential patterns of de-
velopment of the land. Starting with 20 maps of basic
data (8, 9), we created an additional 23 derivative
maps from them.

For a test of corridor selection, the county planners
requested a map showing places suitable for hikingtrails
according to priorities they selected (9). Oblique air-
photographs will aid in the final selection among the
alternatives.

There are two other corridor applications. First,

a proposed Interstate highway (I-470) will pass near the
lakes shown in Figure 6. This photograph provides
useful information on natural features (the lakes and
associated ecosystems) and aesthetically pleasing areas
that should be preserved or on which there should be



Figure 1. Northeastward look of Lakewood, Colorado, showing Figure 5. Westward look of Green Mountain, 1972.

complexity of natural terrain surface features, 1974.
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Figure 6. Westward look of Soda Lakes, 1972,
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Figure 2. West-southwestward look at part of Lakewood,
Colorado, 1972,

Figure 3. West-southwestward look at part of Lakewood,
Colorado, 1934.

Figure 7. Westward look toward the Front Range of the valley
of Bear Creek, 1972.




minimum impact. In addition, the ridge immediately
beyond the lakes forms a wind barrier that may be of
consequence in subduing dispersal of air polluted by ex~
haust fumes. Second, a dam is currently being built
across Bear Creekvalley, shown in Figure 7, whichis sub-
ject toflooding. Patterns of relocation canbe visualized
readily by maps accompanied by oblique airphotographs.
Sand and gravel quarrying ontop ofthe butte in the fore-
ground (Mt. Carbon) is largely concealed from view at
present. In planning the location of new roads required
because of the dam and future reservoir, an attempt should
be madeto maintainthis visual concealment at least until
the deposit has been mined out and the hilltop reclaimed.

This expansion of the original open space study demon-
strates how a bank of basic data can be weighted and
combined in different ways to solve a wide variety of
land use problems.

Cost

\
The cost of acquiring about 100 low-altitude oblique color
airphotographs was $59. This included $35 for charter
of airplane and pilot plus $24 for the purchase and pro~
cessing of 3 rolls of 35-mm color slide film.

CONCLUSIONS

As far as we know, the Jefferson County study is the
only one in which the users actively participated and
made the decisions on appropriate attributes and weights.
Furthermore, the users were a group of citizens with no
training in planning, map reading, or formulating of
decision strategies. An important aspect of this study—
perhaps the most important—was to instill in these users
an understanding of the complex techniques and concepts
employed in the study. To judge from the results, this
was successful. Use of oblique color airphotographs
played a key role in this endeavor. The following sum-
marizes the planning steps for which the oblique air-
photographs were used:

1. Environmental planning, which involved mapping,
educating, and public participation in the problem (areas
in which oblique airphotographs were helpful);

2. Recognizing what is needed;

3. Campaigning for open space legistation to let
voters know what was happening to their county so that
they would want to vote for additional tax;

4, Implementing legiglation by aiding the advisory
boardin (a) defining and selecting suitable land, (b) under-
standing maps and overlays, (c) adopting guidelines or
strategies, (d) selecting lands by visualizing results of
weighting and overlaying many basic maps, first man-
ually and then by computer, and (e) showing photographs
of what selected sites look like and making final selec-
tion on a visual basis of scenic beauty and the like; and

5. Documenting display areas selected for environ-
mental conditions at specific times and evaluating im-
pact of changes due to various land use activities and
natural processes.
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Abridgment

Remote Sensing of
Atmospheric Pollutants to
Assess Environmental
Impact of Highway Projects

John H. Davies, Research and Development Division, Barringer Research

Remote sensing techniques provide a powerful and ef-
fective tool for monitoring atmospheric pollutants to as-
sess their environmental impact. Because of the mount-
ing concern for the health hazards involved in living close
to highways, environmental studies have become an in-
creasingly important aspect in highway planning.

Conventional pollution monitoring devices use point
sampling techniques to sense the presence of pollu-
tants in ambient air. This method is costly because of
the large number of units required, and it does not pro-
vide the continuum of data that can be obtained by re-
mote sensing of an area from an airplane or from a
moving vehicle. Remote measurements can include not
only the nature and concentrations of the pollutant gases,
but also the mass flow and mass transport of pollutants
from one area to the next,

The majority of gaseous pollutants exhibit character-
istic absorption bands in the ultraviolet, visible, or in-

frared regions of the spectriim,

through an atmosphere containing these gases will have
the characteristic absorption fingerprint of these vapors
superimposed on it. Analysis of this radiation allows
identification and concentration path length product mea-
surements to be made of environmental pollutants as-
sociated with industrial activity, urban developments,
and transportation. Both dispersive and nondispersive
correlation sensors can be used for these measurements.

CORRELATION SPECTROSCOPY

A simple technique to measure gas correlation compares
the absorption obtained at one wavelength corresponding
to a strong absorption band in the gas with an absorption
at an adjacent wavelength where the gas does not absorb.
Although absorption bands are unique, interference prob-
lems occur from other gases present whose absorption
bands overlap in one of the chosen spectral areas of
measurement, This interference can be effectively
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resolved by correlating a substantial portion of the ab-
sorption spectrum of a gas being measured against a
stored replica or mask of the spectrum. This technique
has been named correlation spectroscopy and the method
and applications are summarized in several publications
1,29,

COSPEC

In the Barringer Cospec group of instruments, the stored
masks are a series of exit slits concentrically inscribed
on a circular disk rotating in the exit plane of a conven-
tional folded Ebert spectrometer. The mask line posi-
tions match the peak and trough absorption bands of
sulfur dioxide (SO,) and nitrogen dioxide (NO3); the spec-
trum is shown in Figure 1. The rotational position of the
masks is monitored by logic diodes, and a photomultiplier
(PM) tube is used for signal detection. Calibration ref-
erenceg are provided by positioning internal calibration
cells containing sealed known amounts of SOz gas in front
of the PM tubes. This single gas instrument is known

as the Cospec IV. The Cospec IV provides increased
sengitivity for single gas monitoring by fully using a
single grating for one gas without any time shared mul-
tiplexing. For dual gas operation, a Cospec II instru-
ment has been developed in which half the grating is used
for SO, the other half is used for NOz, and the rotating
disk is divided into two halves—one for each gas. This
instrument has enjoyed worldwide use for high-sensitivity
measurements of SO, and, more recently, NO,. Figure
2 shows an overview of the Cospec optical layout.

Cospec has been frequently used to remotely sense
the total vertical burden of pollution, that is, the amount
of gas in a column above a unit area of ground, usually
expressed in milligrams of gas per meter®, Mobile
vertical burdens can be measured by using ground mobile
and low-flying airborne platforms looking vertically up-
ward where Rayleigh backscattered daylight from the
overhead hemisphere is used. Mobile vertical burdens
can also be measured from an airborne, vertical,
downward-looking mode where sunlight reflected upward
from the earth is used. A third application is the air-
borne closed path mode where the Cospec views hori-
zontally along an optical path beamed around the aircraft



from an active light source. Optical paths of 20 to 30 m
can be practically achieved by employing wing-tip and
tail-stabilizer retroreflectors. Of these platforms, the
ground mobile method is most widely used. Mass trans-
portation of a pollutant can be estimated from the ver-

Figure 1. SO, absorbance versus wavelength.
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tical burden measurements along a traverse line. When
this is coupled with wind velocity and direction informa-
tion, the mass of gas transported across the traverse

line can be estimated in terms of mass per linear dis-
tance of traverse line. This concept can be used on both
large and small scales and clearly provides a picture of
the resulting diffusion of pollutants from smoke plumes,
an entire industrial complex, or highway. Figure 3 shows
the current single-gas Cospec IV high-sensitivity SO.
instrument.

GASPEC

The Barringer Gaspec, or gas filter correlation spec-
trometer, operates by employing the differential meas-
urement of characteristic absorption of the gas of inter-
est by using the gas itself as a very selective filter as
shown in Figure 4. A pair of gas cells are employed.

A reference cell contains a spectrally inactive gas, and
the filter gas cell contains the target gas to be sensed in
a quantity such that the optical depth of the gas is op-
timized for a maximum product of the modulation of tar-
get gas energy and high average transmission. Incoming
radiation characteristic of the target gas is selectively
filtered by being absorbed in the sample cell but is

readily transmitted through the reference cell. Thus
Figure 4. Gaspec optical layout.
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the transmitted radiance through the sample cell is
largely independent of the target gas signatures, and the
transmitted radiance of the reference cell is strongly
dependent on the presence of target gas. The differen~
tial spectral transmittance between the cells provides a
sensitive indicator for the amount of target gas present
in the incoming radiation.

The principle of operation of this system is best de-
scribed by the consideration of two channels as shown in
Figure 5. In one, the absorption line spectrum of the
target gas is present with almost zero transmission oc-
curing at these band positions while the other channel
contains a neutral filter adjusted to yield the same total
absorption as in the first channel. Thus, as the detec-
tion system alternates between the two channels, it sees
constant intensity. When matching spectral lines char-
acteristic of the target gas appear in the incident radi-
ation, the transmission in the first channel will not
change appreciably because it is already at almost full
absorption; however, a decreased intensity is trans-
mitted through the second channel and the detection sys-
tew now sees unequal iniensilies appearing at the chan-
nel switching frequency. If an interfering gas is also
present, the transmitted light will be reduced equally
in both channels, and, because the alternating signal is
not changed, the interfering gas will be observed by the
instrument.

To overcome the problems of spatial responsiveness
difference at the detector that is produced by chopper
changes and to avoid scene radiance changes as the sen-
sor footprint moves, a two-detector system was de-
veloped. The detectors receive amplitude-shared source
signals at the source chopping frequency. Another fea-
ture of the Gaspec design is a further adjustable refer-
ence blackbody that may be adjusted to have comparable
radiance to the source and thereby facilitate electronic
signal processing by minimizing the chopped radiance.
Gaspec is further described elsewhere (4,5). The most
recently built Gaspec is now capable of sensing two dif-
ferent gases simultaneously.

METHODOLOGY AND MODELS

The application of these remote sensing instruments to
highway and transportation environmental problems and
studies is now possible. Pioneering work in these ap-
plications has already taken place, and further develop-
ments are envisaged.

One initial application is to the validation and veri-
fication of mathematical computer models of local and
regional pollution and air-shed movements. There
are of course in the generalized area of environ-
mental input studies two major sources, fixed and mobile.
Essentially the moving automotive sources provide the
carhon monoxide (CO) oxidents, oxides of nitrogen, and
hydrocarbon pollutants. The fixed sources, such as in-
dustrial plants, petrochemical complexes, and power
stations, chiefly provide particulates, oxides of sulfur,
and oxides of nitrogen. Selection of the appropriate
mathematical model then depends on short- and long-
term reaction rates and time-distance domain require-
ments.

For modeling transportation sources in urban areas,
almost all CO is emitted from mobile sources. Thus,
in Washington, D.C., 98 percent of all CO emissions are
from transportation sources. Several types of models
are possible, including synoptic, climatological, and
grid-point models.

1. The synoptic model computes hourly concentra-
tions as a function of time for operational applications.
2. The climatological model computes the frequency

distribution of concentrations for statistical predictions
of specified high concentrations for planning needs.

3. The grid-point model computes concentrations at
different locations in a geographical grid for horizontal
isopleth patterns for both operational and planning needs.
Such a model assumes all emissions to be at ground level
because they are from transportation sources.

In considering the running of a grid-point model, emis-
sion data are inputted from (a) emissions from vehicles
traveling the major thoroughfares, streets, and free-
ways and (b) secondary background emissions from ve-
hicles on less densely traveled local and feeder streets
and roads. This model also requires essential traffic
data such as

1. Coordinates of ground-level ambient receptors;

2. Gasoline consumption rates;

3. Vehicle speeds for the various types of roads;

4, Daily traffic fraction within each 24-h period by
type of road and day of week for workdays versus
weekends;

5. Day and hour to be modeled;

6. Associated projected air temperature and air pres-
sure for the day and hour;

7. Associated hourly surface data such as type of
cloud cover, temperature, wind speed, and direction.

A similar methodology allows the development of a fixed-
source SO; model by using point and area source inputs
such as geographical location of source, stack height,
stack diameter, stack gas exit velocity and temperature,
and source emission rate. The SO; model also requires,
in addition to the above point and source inputs, the
following:

1. Mean morning and afternoon mixing height;

2. SO; decay constant;

3. Day and hour to be modeled;

4, Meteorological inputs for wind field profiles for
stable, neutral, or unstable atmospheres;

5. Background level concentrations;

6. Surface data for ceiling heights, sky conditions,
air temperature, wind speed and direction, and the like;

7. Coordinates of ground-level ambient receptors.

CO MODEL

The models previously described have been run for as-
sessing the CO emissions from transportable sources.
For example, they have been used in Washington, D.C.,
where the basis for CO emission was a network of
737 road segments or links each assigned a daily traffic
volume generated from historical, current, or projected
data obtained from U.S. Department of Transportation
sources. Growth factors have to be extrapolated into

the model conditions. The CO model can generate the
ground-level ambient CO for 625 chosen receptor points.
From these projected readouts, projected isopleths can
be plotted. Because the minimum detectable sensitivity
for continuous CO ambient monitors is 0.565 mg/m® (0.5
ppm), this is the lower bound for the isopleths. However
many assumptions are made with regard to the input data
when such models are generated. Errors in assumption
relate to both the pollution source data and the associated
meteorology. The net result is a model prediction that
needs validation. The remote sensing Gaspec and Cospec
technology then becomes most valuable in the validation
of these models. The Cospec-Gaspec technique takes
total vertical burden measurements through the atmo-
sphere and in effect sounds the isopleth. These rapid,
mobile Cospec-Gaspec surveys enable a complete veri-



fication of the model to be undertaken and the model to
be adjusted through iterative fine tuning.
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Sediment Trapping
Efficiency of Straw and
Hay Bale Barriers

and Gabions

David J. Poché, Virginia Highway and Transportation Research Council
W. Cullen Sherwood, Virginia Highway and Transportation Research Council

Laboratory and field investigations were undertaken to determine the
sediment-trapping efficiency of straw and hay bale filter barriers and
gabions. A flume was designed and built for the laboratory portion of
the study and 21 bales were tested. Trapping efficiencies varied from
46 to 88 percent; the overall average was 68 percent. No significant
differences were noted in the efficiencies of straw and hay, and the
bulk density and porosity of the bales correlated poorly with the trap-
ping efficiencies. Field observations of contractor-placed bale barriers
showed a high percentage of failures. Most failures were due to under-
cutting, end flow, and washouts. Experimental field barriers with num-
bers and positions based on the universal soil loss equation were installed
in place of the unmodified barriers. To minimize barrier failures, loose
straw was wedged under and between the bales making up the barrier,
the barrier length was extended so that the bottoms of the end bales
were higher than the top of the lowest middle bale, and loose straw was
scattered behind each barrier. Trapping efficiencies approximating lab-
oratory efficiencies were obtained with the experimental barriers. Ga-
bions filled with crushed stone yielded significantly lower trapping ef-
ficiencies than straw and hay bales yielded. However, a layer of straw in
the bottom of the gabion increased the efficiency to levels comparable
to those of straw bales.

Because of the possible degradation of water quality in
streams from sediment and the resulting adverse effects
on downstream ecology, the Virginia Department of
Highways and Transportation has placed a high priority
on improving erosion and sedimentation controls on high-
way construction sites. The purpose of these controls
is to provide an effective temporary means of control-
ling construction-generated sediment before the estab-
lishment of a permanent vegetative cover.

In Virginia, the ultimate aim of the control program
is good vegetative cover, and the program includes pro-
visions for early, staged, and temporary seeding aimed
at establishing a strong stand of vegetation as early as
possible in the construction cycle. Even with this max-
imum effort at vegetation establishment, experience has
shown that significant numbers of temporary erosion
and sediment control measures are required particu-
larly during early construction activity (l). Temporary
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measures include various types of barriers and retention
structures designed to filter and impede the flow of run-
off waters. Although a number of measures have been
found to be valuable, the single most commonly used
measure is the straw or hay bale filter barrier (usually
referred to indiscriminately as straw barrier). One can
judge from visits to other agencies, field observations,
and personal communications that these barriers appear
to be widely used.

Despite the widespread use of straw barriers little
appears to be known about their sediment-trapping ef-
ficiency. Field observations of trapped sediment and
impeded storm water flow in Virginia and other states
have indicated that these barriers can be effective. The
level of effectiveness, however, seems to be unknown.

A search of the literature turned up neither data on straw
barrier trapping efficiency nor a rational method for de-
termining the number of barriers or distribution. The
purpose of this paper is to report on laboratory and field
tests of the trapning efficiencies of straw and hay hale
barriers. Included are discussions of common problems
resulting from improper field placement and maintenance.
A secondary purpose was to test stone and stone-and-
straw-filled gabions in a similar manner.

The first priority in the study was to determine the
level of efficiency that could be expected of bale barriers
under ideal conditions. Also of interest were the relative
efficiencies of straw and hay. Answers to these basic
questions were pursued under controlled conditions in
the laboratory.

METHOD

A test flume was designed so that sediment-laden water
could be filtered through either one or two bales. The
flume was constructed of 1.9-cm-thick (%-in-thick)
plywood and coated with a waterproof paint (Figure 1),
For most of the comparative tests, only a single bale
was used. The test followed a set procedure.

1. The bale was mounted securely in the flume and
flushed several times with clear water.

2. A total of 250 liters (65 gal) of 10 000-ppm and
400 liters (104 gal) of 20 000-ppm water-soil mixtures



were prepared and kept in suspension by mechanical
agitation.

3. A 50-liter (13-gal) volume of 10 000-ppm water-
soil mixture was poured rapidly into the flume, allowed
to flow through the bale, and caught in a 114-liter (30-
gal) container,

4, The effluent was mechanically agitated and a
depth-integrated sample was withdrawn by using a DH48
hand sampler.

5. Steps 3 and 4 were repeated 5 times with the
10 000-ppm mixture,

6. Eight runs were then made with the 20 000-ppm
mixture according to steps 3 and 4.

7. The 13 effluent samples were oven dried in pre-
weighed evaporating dishes and weighed to the nearest
0.01 g.

8. The average parts per million of suspended sed-
iment for each of the 13 samples was then computed and
a grand average was calculated.

With these data, the trapping efficiency of each bale
was computed from the formula

SSi = S8uut

Percent efficiency = g8, x 100 1
wdin

where SS = average suspended solids concentration.

Twenty-one bales were tested for trapping efficiency.
At the same time, the porosity of each bale was de-
termined by using measurements of bulk density (grams
pexr centimeter® of the whole bale) and fiber density
(grams per centimeter® determined by pycnometer).
Porosity E of each bale was found from

_ bulk density
fiber density

(2)

Table 1 gives the bulk density, fiber density, porosity,
and percentage of sediment trapping efficiency for all
bales tested. As shown by the data given in Table 1, the
single bale filtering efficiency ranged from 46 to 88 per-
cent with an overall average value of 68 percent. Double
thicknesses (2 bales) were found to be approximately
two-thirds more efficient in filtering than single bales.
A t-test showed that no significant difference in the rel-
ative filtering efficiency of straw and hay could be as-
certained from the data., Porosity appears to have a
low correlation with filtering efficiency. Thus any
scheme to pretest the efficiency of bales by using po-
rosity or bulk density would likely meet with little
success.

Other potentially useful observations were made dur-
ing the bale tests. First, a linear decrease in the por-
tion of the bale wetted by the water and sediment mixture
was noted as the mixture went through the bale. It ap-
pears that, as the lower portion of the bale becomes
clogged with mud, flow corridors are found in the higher,
cleaner portions of the bale. The suspended solids re-
tention was found to be nearly constant with each suc-
ceeding test.

Second, bales prewet and allowed to stand for several
days were observed to show marked improvement in
trapping efficiencies. A prewet bale was first tested in
the normal way. After several weeks, it was tested
again and its efficiency had increased from 74 to 98 per-
cent. Prewetting apparently swells the individual fibers
and promotes growth of fungi within the bale (if the tem-
perature is not too low), which significantly increases
trapping efficiency.

Finally, suspended sediment was noted to be removed
in two ways: (a) by the filtering action of the bale and
(b) by the settling out of the coarsest particles in the
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pond area behind the bale, This dual mechanism of sed-
iment removal is similar to that observed many times
in the field.

FIELD OBSERVATIONS

The widespread use of straw bale filter barriers in Vir-
ginia allowed observations to be made on a large number
of barriers placed under a variety of field conditions.
Although some barriers were observed to be quite ef-
fective, a high percentage showed a significant degree

of failure due to improper initial placement or improper
maintenance.

Barrier failures were noted to be mainly of three types.

1. Undercutting, shown in Figure 2, is a placement
problem. It is caused by improper bale-to-soil contact,
which allows storm water to run under the bale. The
resulting concentrated flow tends to cut a channel under
the bale. The process of channelization mobilizes sed-
iment in addition to that generated upstream from the
bale. Elimination of undercutting can be accomplished
by entrenching and backfilling the bales to a depth of 5
to 8 cm (2 to 3 in) before staking or by wedging loose
straw from a broken bale under the bale after staking.

2. End flow, also shown in Figure 2, occurs when
storm waters flow around the end of the barrier. As in
the case of undercutting, end flow can result in a higher
concentration of suspended sediment downstream from
a barrier than that reaching the barrier from upstream.
Elimination of end flow can best be ensured by extending
the barrier where possible so that the bottoms of the end
bales are higher than the top of the lowest center bale.
This placement forces water to pond and flow over rather
than around the lower bale or bales.

3. Washouts, a third common type of failure, occur
when bales are moved by high-velocity storm waters.
Movement may vary from a few centimeters to distances
far downstream. In either case the integrity of the bar-
rier is destroyed and its effectiveness impaired or elimi-
nated. Washouts can be eliminated by careful staking and
limiting the use of straw barriers to low-energy flow
situations.

The data given in the following tabulation provide per-
centage figures for the efficiency of one series of
contractor-placed straw barriers:

Flow Barrier Efficiency Flow Barrie[’ Efficiency
A +56 E +1

B -35 F +25

C -83 Average -7

D -1

Flow was from barrier F to barrier A in the ditch line.
Barriers were 61 m (200 ft) apart and were constructed
of wheat straw. Rainfall occurred on August 4, 1974. The
trapping efficiency was determined by sampling storm
water downstream and upstream from a barrier by using
a large plastic syringe to obtain a depth-integrated sam-
ple and by computing the percentage of efficiency as in
the laboratory tests. The presence of negative numbers
indicates that in some cases suspended sediment was
actually higher downstream from the bales than it was

in storm water reaching the barrier from upstream. In
every case, high downstream concentrations were cor-
related with one or more of the barrier failures pre-
viously listed. Field observations indicated the presence
of a few barriers partially or wholly buried by sediment,
Improper maintenance is clearly indicated in these cases.
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Figure 1. Apparatus for
testing the trapping

Table 1. Summary of laboratory bale tests.

efficiency of a bale. Bulk Fiber
Density Density
Type of Bale (g/cm?) (g/cm?) Porosity Efficiency (%
Hay, orchard grass 0.087 1,43 0.838 8
0.086 1,43 0.838 78
0.127 1.30 0.902 56
0.124 1.19 0.894 -
0.153 1.35 0.887 66
0.120 1.43 0.916 64
0.183 1.16 0.842 64
Straw, barley 0.104 1.45 0.928 46
Straw, wheat 0.094 1.20 0.9211 65
0.104 1.31 0.921 65
0.071 1.37 0.948 62
0.087 1.47 0.941 62
Hay, fescue 0.111 1.45 0.923 56
0.101 1.59 0.936 71
0.103 1.35 0.942 74
Hay, timothy,
orchard mixed 0.130 1.24 0.895 88
0.137 1.33 0.897 -
0.125 1.156 0.891 83
Straw, oats 0.078 1.07 0,927 6
0.089 1.16 0.924 2
Figure 2. Improperly 0.079 1.12 0.929 -

constructed and
maintained filter barrier.
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FIELD EXPERIMENTS

After observations were made of the relatively high ef-
ficiencies of straw bales in the flume experiments in the
laboratory and the low efficiencies measured for straw
barriers in the field, the question immediately arose,
Could barriers be placed in the field that would match
or nearly match the sediment-trapping efficiencies ob-
served in the laboratory? To attempt to answer this
question, we selected a test site on a project in central
Virginia (Figure 3). Here, US-29 was undergoing con-
version from a 2-lane to a 4-lane facility. The project
proved to be ideal because it traversed moderately ero-
sive Piedmont soils and was located close enough to the
Virginia Highway and Transportation Research Council
laboratories so that frequent and detailed observations
of the field experiments were possible.

The efficiency measurements given in the tabulation
on contractor-placed straw barriers were taken on a
series of unmodified barriers placed on the project by
the contractor. Figure 2 shows a barrier located on
this project. Before the experimental barriers were
placed, all of the old barriers were removed.

The number of experimental barriers to be placed
per 30.5 m (100 ft) of roadway was determined by using
a computer program developed by Poché and based on
the soil loss equation (2). Each barrier was placed by
using the criteria discussed in the section on field ob-
servations. That is, (a) straw was wedged under each
bale after staking (subsequent field investigations in
Virginia have indicated that a small amount of loose
soil placed by shovel and lightly compacted along the
upstream edge of a bale barrier eliminates undercut-
ting and significantly aids barrier efficiency), and (b)
the bottoms of the end bales were higher than the top of
the lowest center bale. In addition, loose straw was
scattered on the upstream side of each barrier to pro-
vide an increased filter travel length. Field observa-
tions indicate that subsequent movement of the loose
straw tends to seal any undetected openings in the bar-
rier. A typical experimental barrier is shown in Fig-
ure 4. The following tabulation gives percentage fig~
ures for trapping efficiency of barriers for storm events
subsequent to placement of the experimental barriers:

Efficiency
Rainfall on Rainfall on
Flow Barrier Nov. 6, 1974 Dec. 1, 1974
A 67 -1
B 76 30
G 79 -5
D 98 46
E 35 37
F 64 50
G 34 19
H 28 -38
| 32 -
Average 57 16

Flow was from barrier I to barrier A in the ditch line.
Barriers were 30.5 m (100 ft) apart and were constructed
of wheat straw. The data from the storm of November

6 clearly indicate that the sediment-trapping efficiency
of field barriers can approximate that obtained under
laboratory conditions. Unfortunately, the average trap-
ping efficiency for the storm of December 1 dropped sig-
nificantly because of the failures of barriers A, C, and
H. These failures vividly point out the need for constant
surveillance and close attention to maintenance.
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Figure 4. Experimental barriers in place.

GABIONS

Four laboratory tests were performed by using bale-
sized gabions filled with crushed stone and crushed stone
and straw mixtures. Two sizes of crushed stone were
used: a fine mix of stone approximately 0.9 to 1.9 cm
(% to % in) in diameter, and a coarse mix of stone 3.8
to 6.3 cm (1% to 2% in) in diameter. The results are
given in the following tabulation:

Stone Size Without Straw With Straw
Fine mix 32 62
Coarse mix 29 58

The straw added to the stone was placed as a 2.5-cm
(1-in) layer of compressed straw in the bottom of the
gabion, and crushed stone was placed on top.

Based on these experiments, stone alone apparently
will yield low trapping efficiencies even at relatively
small sizes. However, the efficiency approximately
doubled with the introduction of a bottom layer of straw
and approached the efficiency of straw and hay bales. It
should be noted that relatively low flows of simulated
storm water were generated in the laboratory so that
much of the filtering action involved the thin straw layer.
Field flows would be expected to be greater during high-
intensity storm events.

Field observations of stone-filled gabions indicate a
high permeability and probably a low filter efficiency.
However, use in or along live streams, where straw
bales are discouraged, appears to be a beneficial one
for stone-filled gabions. Placement downstream from
in-stream construction retards stream velocity and bank
erosion and traps streambed load that may be injurious
to downstream benthic communities.

CONCLUSIONS

Laboratory and field investigations were undertaken to
determine the sediment-trapping efficiency of straw and
hay bale filter barriers and gabions. Based on a com-
bination of laboratory and field experimental results and
field observations, seven conclusions appear to be jus-
tified.

1, Laboratory tests of a series of straw and hay
bales performed in a specially designed flume yielded
sediment-trapping efficiencies ranging from 46 to 88 per-
cent and averaged 68 percent.

2. Use of the t-test showed no significant differences
in trapping efficiencies between straw and hay bales.
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3. A bale prewetted and allowed to stand for several
days yielded significantly better sediment-trapping ef-
ficiency than a normal bale prewetted immediately be-
fore testing.

4. Normal field placement of straw filter barriers
often results in failure because of undercutting, end
flow, and washouts.

5. The efficiency of field barriers can approximate
that measured in the laboratory if barriers are placed
in accordance with the criteria used to place the ex-

erimental barriers on US-29. These criteria are

a) entrenching or wedging loose straw under staked
bales, (b) extending barrier so that the bottoms of the
end bales are higher than the top of one of the center
bales, and (c) breaking up a bale and scattering loose
straw behind each barrier.

6. Laboratory tests of stone-filled gabions showed
relatively low (29 and 32 percent) filter efficiencies that
were approximately doubled with the addition of a 2.5-
cm (1-in) layer of compressed straw at the bottom.

7. Based on field observations, gabions appear to
be well suited to in-stream use to slow stream velocity

and trap bed load.
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Abridgment

Impact Performance of the
Minnesota 1.5-m-Radius
Plate Beam Guardrail

Eugene Buth and Joe W. Button, Texas Transportation Institute, Texas A&M

University

Paul J. Diethelm, Minnesota Department of Transportation

The Minnesota Department of Transportation employs a
1.5-m-radius (5-ft-radius) plate beam end treatment for
median rails at twin bridges and piers or divided road-
ways. The crashworthiness of this end treatment was
evaluated in a program that included two full-scale ve-
hicle crash tests. A small-size and a full-size test
vehicle were towed head-on into the median rail system
at 96.6 km/h (60 mph). Performance of the system was
excellent in both tests.

DESCRIPTION OF GUARDRAIL

The hardware components and geometrics of the end
treatment are described in Minnesota Department of
Transportation standard drawings. The department uses
15.2 x 20,3 x 183-cm (6 x 8 % 72-in) wooden posts

spaced 1.9 m (6 ft, 3 in) apart. In the test installation,
which is shown in Figure 1, the posts were set approx-
imately 114 cm (45 in) in oversized holes backfilled with
lean concrete to simulate frozen ground conditions. Stan-
dard 12-gauge plate beam was used for the rail. Two
56-cm-diameter (22-in-diameter) concrete posts (simu-
lated piers) were placed 10.7 m (35 ft) behind the nose

of the guardrail.

DESCRIPTION AND RESULTS
OF TESTS

Test Bl

A 1971 Chevrolet Vega weighing 1039 kg (2290 1b) im-
pacted the guardrail head-on at 99 km/h (61.5 mph)
(Figure 2). On impact, the foremost post failed at
ground level. As the vehicle advanced into the attenu-
ator, the guardrail buckled and wrapped around the front
of the vehicle, and posts on each side of the installation
were successively broken at ground level. Significant
yaw displacement of the vehicle occurred, but pitching

Publication of this paper sponsored by Committee on Safety Appurte-
nances.

and rolling motions were negligible. After failure of five
wooden posts and partial failure of four others, the ve-

hicle came to rest with a yaw angle of 33 deg. The vehicle
center of mass penetrated 7.1 m (23.2 ft) into the barrier.

The average deceleration of the test vehicle computed
from the impact velocity and the stopping distance of the
vehicle center of gravity was 5.3 ¢ (1?. The highest av-
erage deceleration determined over a 200~-ms interval
was 6.1 g, and over 50 ms was 9.1 g.

The vehicle received moderate damage in the form of
distortion of front frame members and considerable sheet
metal deformation. Based on the TAD scale (2), the ve-
hicle damage rating was FD-5. The Society of Automo-
tive Engineers (SAE) collision deformation classification
was 12FDEW3 (3).

Test B2

A 1969 Chrysler weighing 2041 kg (4500 1b) impacted the
guardrail head-on at 100.26 km/h (62.3 mph) (Figure 3).
On impact, the foremost post was broken, and the vehicle
began to yaw counterclockwise as it advanced. The rail
wrapped around the vehicle, and posts on each side of the
installation were successively broken as the vehicle ad-
vanced. In the final stages of the collision, the rearward
force on the steel guardrail caused the remaining three
posts supporting the left side to split, and the guardrail
fell to the ground. The test vehicle continued to advance

Figure 1. Installation at test site.
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Figure 2. Test B1,

t=0ms

Figure 3. Test B2.

and yaw counterclockwise until the right front corner
impacted one of the simulated concrete piers. During
contact with the pier, the vehicle roll displacement
reached about 45 deg. The vehicle rebounded approxi-
mately 0.61 m (2 ft) and came to rest with a yaw angle
of 43 deg. The vehicle center of mass penetrated 11.83
m (38.8 ft) during impact.

Average deceleration of the vehicle computed from
the impact speed and stopping distance was 3.8 g, which
is well below the acceptable limit. The highest average
longitudinal deceleration over a 200-ms interval, ob-
tained from the accelerometer traces, was 3.4 g; the
highest over 50 ms was 4.7 g.

At the time of impact with the simulated pier, the
forward velocity of the vehicle had been reduced to such
a level that the impact was entirely acceptable. Damage
to the front of the vehicle consisted of severely deformed
sheet metal and somewhat distorted front frame mem-
bers. Damage to the right rear consisted of minor dents
in the sheet metal. The vehicle damage rating was FD-5
and RBQ-3 (2), and the SAE collision deformation clas-
sification was 12FDEW1 (3).

CONCLUSIONS

The Minnesota 1.5-m-radius (5-ft-radius) plate beam
guardrail performed satisfactorily under full-scale
96.6-km/h (60-mph), head-on impacts with 1039-kg
(2290-1b) and 2041-kg (4500-1b) vehicles. The values of
average deceleration are well below the Federal High-
way Administration design criteria of 12 g (g) for ve-
hicles within the weight category tested. Accelerometer
data for test Bl indicate that vehicle occupants may
have received some minor injuries, but accelerometer
data from test B2 place the occupants in the zone of
safety (5).

The passenger compartments of the test vehicles re-
mained intact and were not penetrated by any foreign
objects.

Significant but acceptable transverse accelerations
were imposed on the test vehicles as a result of the yaw
displacement during impact.

t=1029 ms

The system, as constructed and tested, performs
adequately when struck head-on by both large and small
automobiles. The W-section experienced severe local
damage in each case. Although tensile load in this ele-
ment was not measured, vehicle condition after impact
indicated that it was loaded near ultimate capacity and
that not much reserve strength existed, especially in
test B2.
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Abridgment

Concrete Safety Shape
Research

Maurice E. Bronstad and C. E. Kimball, Jr., Southwest Research Institute,

Use of the concrete safety shape, which is a widely spec-
ified traffic barrier, is greatly on the increase. Recog-
nizing the need for research on concrete safety shapes,
21 transportation agencies entered into a Highway Plan-
ning and Research pooled-funds study administered by
the Federal Highway Administration (FHWA) Office of
Research.

BACKGROUND

As reported in an FHWA notice (1) in 1971, 36 states
employed a concrete safety shape to some extent. Of
these 36 states, 19 specified the shape first used by New
Jersey [denoted as MB5 by Michie and Bronstad (2)];

8 specified a shape developed by General Motors [de-
noted as MB6 by Michie and Bronstad (2)]; and the re-
maining states used some variation of these two shapes.
Although crash test investigations had been conducted on
both the MB5 and MB6 shapes (3, 4, 5, 6), tests of the two
shapes were not comparable because of wide variation in
test conditions.

Accordingly, one of the early tasks of the concrete
barrier research was to conduct base-line tests by using
identical test conditions on the two widely used shapes.
In addition, in recognition of the increasing number of
small cars in today's traffic, subcompact baseline tests
were subsequently added to the program. An added
stimulus to this investigation was an accident report from
an FHWA region (7) that indicated a high incidence of
rollover when subcompact vehicles impacted the MB6
shape.

Mathematical simulations (when compared with crash
tests) permit low-cost examination of barrier perfor-
mance. The highway-vehicle-object simulation model
(HVOSM) (8, 9) program was used to investigate several
variations of the MB5 shape as shown in Figure 1. Based
on the results of these investigations, configuration F
was determined to offer potential improvement in per-
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formance, and base-line crash tests were programmed
for this shape. This program used the same types of
vehicles as were used in the previous base-line tests.

OBJECTIVE

The objective of the research discussed in this paper was
to obtain comparable information on three different con-
crete safety shapes impacted by both standard sedans

and subcompact sedans at 96.6 km/h (60 mph) and at
angles of 7 and 15 deg.

TEST RESULTS

Standard Sedan Base-Line Tests

All standard sedan tests were conducted with 1972 Ford
Galaxie sedans weighing 1982 kg (4370 1b). Because these
vehicles were from a police fleet, they were in similar
condition. Table 1 gives a summary of standard sedan
test data. Figures 2 and 3 illustrate performance of the
shapes.

Subcompact Vehicle Baseline Tests

All subcompact tests were conducted with 1971 Chevrolet
Vegas weighing 1021 kg (2250 1b). Table 2 gives a sum-
mary of subcompact vehicle test data. Figures 4 and 5
illustrate performance of the shapes.

DISCUSSION OF RESULTS

Based on results of the base-line crash tests, four con-
clusions can be stated:

1. Vehicle roll angles in all tests were greatest for
the MB6 shape and the smallest for the new configuration
F. An exception was the 15-deg test 12 with configuration
F. A higher roll angle was observed in this test although
vehicle climb was less. The higher roll angle may be at-
tributed to the higher speed of this configuration F test.

2. Vehicle rollover occurred with the MB6 shape
during a subcompact crash at 91.9 km/h (57.1 mph) and
angle of 16.5 deg.

17
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Figure 1. Barrier profiles, parametric studies.
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Table 1. Summary of standard vehicle base-line crash tests.

Maximum Acceleration® (g)

Maximum Roll Maximum Duration
Test Tmpact  Impact  Angle (deg) Film Accelerometer Vertical of
Angle Test Speed Angle ~ Acceleration Peak ¢
(deg) Number Barrier Shape (km/h)  (deg) Test HVOSM Longitudinal Lateral Longitudinal Lateral (e) (ms)
7 1 MB5 97.0 7.5 15 2 -1.7 -5.0 -0.9 -2.0 14 12.5
2 MB6 99.1 7.3 20 5 -1.5 -3.6 -2.2 -2.8 11 12.5
11 Conliguration F 93.3 8.0 11 -1.4 -3.4 -3.0 -3.9
15 3 MBS 90.9 15.5 20 26 =3.3 -10.1 -1.6 -5.2 28 10.9
4 MB6 89.9 15.9 20 17 -5.0 -10.1 -1.6 -5.5 32 13.4
12 Configuration F 98.8 15.2 21 6 -5.1 -8.6 -" -6.7
Notes: 1 km/h = 0,621 mph,
All vehicles tested were 1982-kg {4370-tb) 1972 Ford Galaxies.
“50 ms average. ®Not applicable,
Table 2. Summary of subcompact base-line crash tests.
Maximum Acceleration® (g)
Maximum Roll Maximum Duration
Test Impact Impact Angle (deg) Film Accelerometer Vertical ol
Angle  Test Speed Angle Acceleration Peak ¢
(deg)  Number Barrier Shape (km/h)  (deg) Test HVOSM Longitudinal Lateral Longitudinal Lateral (e (ms)
7 5 MB6 86.7 8.4 31 20 -2.4 -4.3 -1.4 -2.0 18 12
6 MB#6 87.9 9.2 21 20 -2.7 -5.3 -1.9 -2.4 21 5
8 MB5 89.96 8.0 20 14 - - -1.0 -3,2 22.0 9
10 Configuration ¥ 95.4 6.8 10 -3.4 -4.6 -3.3 =°
15 7 MB6 91.9 16.5 - = =5.3 -8.3 -3.4 -4.6 19 6
9 MB5 94.8 15.5 20 27 -3.6 -5.1 -0.4 -6.0 27.6 11
13 Configuration ¥ 91.2 14.6 13 -3.9 -4.6 -t -7.3

Notes: 1 km/h = 0.621 mph.
All vehicles Lested were 1021 kg {2250-1b) 1971 Chevrolet Vegas

“50-ms average, UNot applicable “Rollover,

Figure 4. Subcompact vehicle, 7-deg tests.
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Figure 5. Subcompact vehicle, 15-deg tests.

+0,40 sec
MBS, Test 9

Configuration F, Test 13
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3. Vehicle damage was generally less with the MB6
shape except for the rollover. Large-vehicle damage
was less with the new configuration F, but small-vehicle
damage was greater with the MB5 shape.

4. Average vehicle decelerations indicate that sim-
ilar performance can be expected with the three shapes,
but the new configuration F shape appears to provide the
lower values.
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Crash Test and Evaluation
of a Precast Concrete
Median Barrier

T. J. Hirsch and E. L. Marquis, Texas Transportation Institute
John F. Nixon and David Hustace, Texas Department of Highways and Public

Median barriers are used on high-volume, high-speed traffic facilities to
prevent errant vehicles from crossing a median and conflicting with the
ppposing traffic stream. A secondary function for some designs of me-
dian barriers is to minimize the glare of opposing headlights. The cast-in-
place concrete median barrier has proved to be an effective and economi-
cal barrier in Texas and other states. Investigation of the use of a pre-
cast concrete median barrier (PCMB) stemmed from the interest in using
a barrier to be prefabricated concurrently with roadway construction.
This more effective usage of work force as well as early project comple-
tion and acceptance could provide measurable potential savings to both
the contractor and the state. In addition, when this barrier is installed on
existing facilities, the traffic may be disrupted for a considerable period
of time if it is cast in place. Consequently, PCMB that can be quickly
installed on active facilities with a minimum period of traffic disruption
is needed. For a precast concrete median barrier to function properly in
redirecting vehicles, the relatively short precast sections must be ade-
quately connected after they are placed in the highway median. Engi-
neers of the Texas Department of Highways and Public Transportation
and the Texas Transportation Institute developed working drawings for
precast sections of a PCMB and two connection details. Full-scale crash
tests were conducted on the PCMB and connections in order to verify
the stability and strength of the installation.

Median barriers are used on high~volume, high-speed
traffic facilities to prevent errant vehicles from crossing
a median and conflicting with the opposing traffic stream.
Current warrants proposed by the National Cooperative
Highway Research Program for the installation of me-
dian barriers are based on a 2-year traffic projection
and median width (1). In a typical case, the warrants
state that, for a median width of 6.1 m (20 ft) or less
and a predicted average daily traffic (ADT) of 20 000 or
more, a median barrier should be installed. Facilities
with less traffic than this frequently do not have median
barriers. If the ADT increases to 20 000 or more, in-
stallation of a median barrier on an existing facility will
often become necessary.

Texas median barrier warrants are based on the
width of the median. In brief, the Texas warrants re-
quire that for medians up to 7.3 m (24 ft) in width a con-
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crete barrier should be used. For medians from 5.5 to
7.3 m (18 to 24 ft) in width, either the concrete or the
double steel type of beam should be used. For medians
from 7.3 to 9.1 m (24 to 30 ft), the double steel type of
beam should be used.

The cast-in-place concrete median barrier (CMB)
has proved to be an effective and economical barrier in
Texas and other states. Investigation into the use of a
precast concrete median barrier stemmed from the in-
terest in using a barrier to be prefabricated concurrently
with roadway construction. This more effective usage of
work force as well as early project completion and ac-
ceptance could provide measurable potential savings to
both the contractor and the state. However, when this
barrier is installed on existing facilities, the traffic may
be disrupted for a considerable period of time if it is cast
in place. As a consequence, a precast concrete median
barrier (PCMB) that can be quickly installed on active
facilities with a minimum period of traffic disruption is
needed. In addition, sections of a PCMB can also be
used as a temporary barrier during construction of a
new facility since the precast sections are portable and
can be moved after the need no longer exists.

For a PCMB to function properly in redirecting a ve-
hicle, the relatively short precast sections must be ade-
quately connected after they are placed in the desired
location. Engineers of the Texas Department of High-
ways and Public Transportation (DHPT) and the Texas
Transportation Institute (T'TI) developed working draw-
ings for 9.1-m-long (30-ft-long) precast concrete sec-
tions of a PCMB and two different connection details.
Three sections of the PCMB were precast, hauled to the
Texas A&M University Research Annex, and installed by
using the two different connection details. Full-scale
crash tests were conducted on each of the connections
to verify the stability and the strength of the installation.

DESIGN AND INSTALLATION
Design
The cross section used for the PCMB is shown in Figure

1. This shape is standard in Texas and is essentially the
New Jersey cross section with minor modifications. The
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concrete median barrier of the New Jersey cross section
has been extensively tested to determine the adequacy of
the shape and redirection capabilities. Since these tests,
the CMB has been subjected to testing by numerous or-
ganizations including TTI (3,4, 5). These reports at-
tested to the sufficiency of the CMB particularly for nar-
row medians and shallow impact angles. 1In all of the
successful tests, the CMB was attached to a simulated
bridge parapet (2) or the barrier was long, massive,

and rigid. s

The Texas DHPT has used precast CMB sections on
bridges for some time. These precast sections varied
from 4.6 to 9.1 m (15 to 30 ft) in length and were rigidly
attached to the bridge deck with anchor bolts at 0.6 m
(2 £t) maximum spacing.

California had tested twelve 3.8-m-long (12.5-ft-long)
precast sections approximately 2268 kg (5000 1b) each
pinned together with a steel rod inserted into eyebolts
cast in the ends of the sections to form a 45.7-m (150-ft)
barrier free standing on asphalt concrete. Two tests
were conducted with a 2177-kg (4800-1b) vehicle at a nom-
inal speed of 104.6 km/h (65 mph). In the first test,
which was moderately successful, the vehicle impacted
the barrier at 7 deg. The second test was at a 25-deg-
impact angle and was less than successful. The barrier
rotated and displaced laterally, and the vehicle snagged.
A second barrier of five 6.1-m (20-ft) sections of ap-
proximately 3629 kg (8000 1b) was constructed and tested
at 104,6 km/h (65 mph) and 35 deg, that is, more than
the normal 25 deg. This test was even less successful
than test 2. The barrier segments rotated, displaced
laterally, and the vehicle rolled over.

In view of the California experience, engineers with
the Texas DHPT elected to test 9.1-m-long (30-ft-long)
precast sections approximately 6804 kg (15 000 1b) in
mass (Figure 2). This length and mass appeared to be
the maximum that could be readily transported and
handled.

Two slightly different dowel-joint details were used
to connect the 9.1-m (30-ft) precast sections together
(Figure 3). The male-female dowel connection used
three No. 8 dowels [2.54 em (1 in) in diameter] 0,46 m
(18 in) long precast in one end and three mating 5.08-
cm-diameter (2-in-diameter) tapered holes cast in the
opposite end as shown in Figure 2. A pressure grout
hole was cast vertically behind the tapered female holes.

The second connection used was the grooved connection,
alan 114 three Mg. 2 dowels [a2.54 o (13

whinh ad n) 5 A8
which alsc used three Mo, 8 dowel 1 em (! in)in di-
ameter] 46 cm (18 in) long as shown in Figure 3. The
grooved connection was believed to be more desirable
when the precast sections would be used as a temporary
barrier. It was believed that the grout and dowels could
be chipped out of the grooved blockouts and the precast
sections more readily reused. This latter connection
detail was arrived at after the PCMB sections were cast;
therefore these grooves were sawed instead of being pre-
cast in as would be desirable.

The lower slope dimension on the PCMB sections was
increased from 7.6 to 10 cm (3 to 4 in) so that the section
would maintain the standard 81-cm (32-in) height after
the 2.54 em (1 in) of asphalt concrete fill is placed on
the pavement (Figure 1). This asphalt conerete pave-
ment (ACP) fill is an integral and necessary part of the
barrier design for permanent installation because it pre-
vents lateral displacement and cracking at the connec-
tions during vehicle impact.

Engineers and precast concrete contractors first in-
dicated that the PCMB units would be cast right side up
and lifted at the % points from each end. An analysis
of the section indicated that the maximum concrete
stress to be expected in tension was 393 kPa T (57 1bf/
in® for an uncracked section. This value was well within

the limits suggested by ACI-318-71. The recommended
safe ultimate concrete stress in tension is f, = \/T.5.

or 2827 kPa (410 1bf/in®) for 20 684-kPa(3000-1bf/in?)
concrete. A cracked section analysis was made by using
No. 4 bars [1.27 em (0.5 in) in diameter] in each corner
of the section. The steel stress would be approximately
7584 kPa T (1100 1bf/in®) with the concrete compressive
stress less than 827 kPa (120 1bf/in®). All of these val-
ues are well within limits published by the American
Association of State Highway and Transportation Officials
and the American Concrete Institute.

Installation

Three 9.1-m (30-ft) precast sections were installed on
the concrete parking apron at the Texas A& M University
Research Annex as shown by Figure 2. An asphalt con-
crete leveling course was applied; each section, the mass
of which was approximately 6804 kg (15 000 1b), was set
in place; the two different joints were grouted; and the
2.54-cm (1-in) ACP backup fill was placed on both sides
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covered with wet burlap to aid in curing.

A concrete grout of about a 10-cm (4-in) slump com-
posed of 15 kg (33 1b) of portland cement, 45 kg (100 1b)
sand, and 6.8 ke (15 1b) water was used to grout the groove
joint. The same mix was used for the dowel connection
except that the slump was increased to 15 cm (6 in). Two
10-cm (4-in) cylinders were cast from the mix used to
grout each joint. These were cured and tested in com-
pression just before each impact test. The 5-day
strength of the cylinders placed in the groove joint was
37 232 kPa (5400 1bf/in”), The samples from the dowel
joints tested 39 576 kPa (5740 1bf/in®) at 6 days of age.

Crash test 1 was conducted on the groove connection
with the 2.54-c¢m (1-in) ACP located on both sides of the
PCMB to prevent lateral displacement of the barrier un-
der the vehicle impact. Because this test proved suc-
cessful, it was decided to remove the ACP from behind
the barrier for crash test 2 on the male-female dowel
connection. This test would give an indication of how the
doweled connection would behave if the precast sections
were used as a temporary barrier with no ACP backup.

Aftawr thov wornn onanitnd  tha ininta wonns
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VEHICLE CRASH TESTS

Test 1: Grooved Joint Connection

The vehicle used for test 1 was a 2040-kg (4500-1b) 1966
Pontiac. The impact point of the left front fender and the
barrier occurred 2.1 m (7 ft) upstream from the groove
joint as shown in Figure 2. The actual impact angle was
23.5 deg and the actual impact velocity was 97.4 km/h
(60.5 mph), Figure 4 shows the vehicle before and after
impact. The vehicle was smoothly redirected and the exit
angle was 7 deg. The maximum vehicle roll angle of 18
deg occurred while the vehicle was in contact with the
barrier. The vehicle remained upright during the test.
The front wheel and steering linkage were damaged and
the vehicle was inoperable after the impact. The se-
quence of the impact is shown in Figure 5.

The average lateral deceleration taken from the high-
speed film data was 7.5¢ taken over 206 ms. The aver-
age longitudinal deceleration over the same period was
1.6 ¢. The barrier did not roll or slide laterally. Figure
6 shows close-up views of the joint before and after im-
pact. A hairline or shrinkage crack had appeared in the
vertical face before impact. There was no evidence that
this crack was altered after impact or that any other
cracking at the connection occurred during impact. Dam-
age to the precast barrier and joint was nil.
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Test 2: Male-Female Joint 1965 Oldsmobile. The impact point of the left front fender
occurred 2.1 m (7 ft) upstream from the male-female
The asphalt concrete base was removed from the back dowel joint as shown in Figure 2. The actual impact
side of the PCMB before test 2 to determine whether the angle was 24.2 deg, and the actual impact velocity was
barrier had to be stabilized when used as a temporary 96.2 km/h (59.8 mph). The vehicle was smoothly redi-
installation. rected and the exit angle was 3 deg. Again the maximum
The vehicle used for test 2 was a 2060-kg (4540-1b) vehicle roll angle of approximately 18 deg occurred while
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Figure 5. Overhead view of concrete median barrier in test 1. the vehicle was in contact with the barrier. The vehi-
cle remained upright during the test. The left front
wheel and steering linkage were damaged, and the ve-
hicle was inoperable after the impact.

The average lateral vehicle deceleration taken from
the film was 6.3 g over 223 ms. The average longitu-
dinal deceleration over the same period was 1.1g. The
barrier did not roll or rotate during the impact. The
precast barrier did displace 34.3 cm (13.5 in) laterally
at the connection during vehicle redirection, and signif-
icant cracking of the concrete, apparent on both the ten-

m “ sion and compression sides of the joint(Figure 7), oc-
A

ARIASE curred. The joint held together, however, and smoothly
! _—— | |
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Table 1. Summary of test data.

Item Test 1 Test 2
t=0.078 Vs o7 Vehicle year 1966 1965
Vehicle make Pontiac Oldsmobile
m Impact angle, deg 23.8 24.2
Initial impact speed, km/h 97.4 96.2
Speed at parallel, km/h 7.2 79.3
Longitudinal distance to parallel, m 4.57 5.02
Permanent barrier displacement, m 0 0.34
Lateral distance to parallel, m 0.55 0.98
Time to parallel, ms 206 223
Average longitudinal deceleration parallel to
barrier, g 1.6 1.1
Average lateral deceleration normal to
barrier, g 75 6.3
Departure angle, deg 7.0 3.0
Vehicle damage classification
TAD* FL-5.5 FL-4.5
Society of Automotive Engineers 11FLEW3 11FLEW2

Note: 1kg=2.21b, 1 km/h=0,621 mph, 1 m=3.3 ft.
®Traffic Accident Data Project, National Safety Council,

1z 0.233 1=0272 Figure 7. Dowel joint before and after test 2.
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redirected the vehicle. The groove joint 9.1 m (30 ft)
downstream also was fractured. This allowed the cen-
ter section to rotate slightly in the horizontal plane be-
tween the two joints. The last section downstream from
the groove joint ( Figure 2) did not move.

DISCUSSION OF TESTS

A brief summary of the test data is given in Table 1.
In both tests the vehicle was smoothly redirected and
remained upright. The barrier did not rotate in either
test.

When the PCMB was supported laterally by the 2.54-
cm-thick (1-in-thick) asphalt paving material (test 1),
it did not displace laterally and no damage was inflicted
on the precast concrete segments or connection. For a
permanent installation, the 2.54-cm-thick (1-in-thick)
asphalt paving material or some other lateral support
should be used so that maintenance or repair cost would
be small or nil.

If the PCMB is to be used as a temporary barrier,
test 2 indicates that lateral support by the 2.54-cm (1-in)
asphalt concrete is not absolutely necessary. However,
the barrier can be expected to displace laterally under
vehicle impact approximately 0.3 m (1 ft), and signifi-
cant cracking of the concrete will occur at the segment
joints. Under low-speed or low-angle impacts or both,
the lateral displacement and cracking of the concrete
would probably be minimal.

One can conclude from these two tests that the PCMB
will function as designed when the 9.1-m (30-ft) sections
are connected by either of the two connections used and
backed up with 2.54 em (1 in) of ACP. This type of in-
stallation is recommended for permanent installations.
If the PCMB is used as a temporary installation, either
connection should be acceptable; however, considerable
maintenance can be anticipated if the ACP or some other
backup is not used to prevent sliding.

CONCLUSIONS

Past experience has shown that the CMB is an economi-
cal and effective traffic barrier. Investigation into the
use of a precast concrete median barrier stemmed from
the interest involved in using a barrier to be prefabri~
cated concurrently with roadway construction. This
more effective usage of work force as well as early proj-
ect completion and acceptance could provide measurable
potential savings to both the contractor and the state.
When one installs this barrier on existing facilities, it
is frequently desirable to precast the concrete median
barrier so that the units can be quickly installed during
low traffic volume periods. The 9.1-m-long (30-ft-long)
sections with grouted dowel connections and the 2.54-cm
(1-in) ACP fill material behind the barrier proved to be
an effective barrier in redirecting 2040-kg (4500-1b) ve-
hicles impacting at 96.6 km/h (60 mph) and 25 deg.

If the 2.5-cm (1-in) ACP or some other backup device
is not used to prevent lateral sliding, then the doweled
connections tested here appear to be adequate; however,
considerable maintenance can be anticipated after high-
speed, high-angle impacts. This type of installation
(without backup device) should only be used as a tempo-
rary barrier,

Four No. 4 longitudinal reinforcing bars are adequate
for handling and lifting requirements provided that the
sections are cast right side up. Where the units will be
cast bottom side up (for simpler form design and re-
moval), four No. 5 longitudinal bars are recommended

rovided two pickup points located approximately 1.9 m
6.21 ft) from each end are used.
The recommendations for reinforcing steel are in-
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tended to produce added safety during installation and
reduced maintenance when in service. These concrete
sections could have been designed as plain, unreinforced
concrete members.
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