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Prediction of Storm-Induced Sediment Yield from

Highway Construction

LARRY M. YOUNKIN AND GARY B. CONNELLY

A prediction equation is pr d for estimating the storm-induced increase
in suspended sedi t yield in a stream system due to highway construction.
The equation was developed by regression analysis of data collected at nine
stream-gage sites in five watersheds in Pennsylvania. Two hundred and
seventy eight sets of data were included in the analysis. The equation relates
factors that describe soil erodibility, rainfall, construction phases, and prox-
imity of construction to the stream system to the increased quantity of sedi-
ment transported. The result indicates that the sediment carried by a stream
increases with soil erodibility, storm-erosion index, area cleared and grubbed,
cut-and-fill heights, and proximity of construction to the stream. The form
of the final equation was found to be rational but the standard error of esti-
mate was large, although not exceptional when compared with the results of
other sediment-transport studies. It is concluded that the equation may be

a useful tool in highway location studies, evaluation of highway development
impact, and design of sediment catchment devices.

Highway construction is often cited as one of the
major sources of sediment in streams. For the
highway engineer and planner, a general method of
predicting the increase in sediment yield in a
stream system due to uncontrolled highway construc-
tion would be a wuseful tool for evaluating the
impact of highway development. With the effect of
construction and watershed parameters defined,
minimum sediment yield could be a criterion applied
in highway location studies. The design capacity of
catchment devices in erosion-control plans could be
determined and a base for evaluating the effective-
ness of the plans would be available. Thus, the
method would provide the capability of developing a
comprehensive location and construction plan that
would minimize the impact of the construction.

The quantity of soil eroded from a construction
area is now usually approximated by the universal
soil-loss equation (USLE) (1l). This equation was
originally developed by Wischmeier and Smith for
agricultural lands. The applicability was broadened
with the development (2) of a soil-erodibility
nomograph that quantified an erodibility factor for
subsoils exposed by construction. An excellent
example of the employment of the USLE for estimating
soil 1loss from a highway construction area was
reported by Swerdon and Kountz (§_). However, the
amount of soil eroded is usually greater than that
transported by the stream. The sediment yield might
be related to the quantity eroded by using a de-
livery ratio (4), which is defined as the ratio of
sediment yield to gross soil loss. But 1little
research has been performed to evaluate this factor
and it may range from 10 percent to 70 percent
depending on hydrologic and watershed characteris-
tics. Vice, Guy, and Ferguson (5) found a delivery
ratio equal to 50 percent during a three-year study
of sediment yield from highway construction areas in
a small watershed in northern Virginia.

Younkin (6,7) attempted to develop a general
sediment-yield equation from data collected during
the construction of Interstate 80 through a water-
shed in central Pennsylvania. The equation was
tested by Connelly (8) by using data obtained from a
watershed in northern Pennsylvania during a period
of highway construction. The equation was found to
overpredict sediment yields primarily because of
differences in soil erodibility and cut-and-fill
work between the two studies. Tt was concluded that
data from other projects were needed to increase the
range of causative factor values to generalize a
prediction equation.

This paper describes the development and applica-
tion of an equation that may be employed to estimate
the suspended sediment 1load carried by a stream
system during periods of rainfall-induced erosion of
disturhed soils common to highway construction. It
was established by the multiple linear regression
analysis of data collected during the construction
of highways through five watersheds in central
Pennsylvania during the period from 1968 through
1975. The variation of site conditions for the
study areas has broadened the range of soil and
construction factors values beyond those examined
previously.

SEDIMENT-YIELD MODEL

Due to the complex nature of the erosion-transport
process, it was anticipated that the relationship
would be established by the multiple regression
analysis of data collected from field studies. The
prediction equation model was assumed to be of the
following form:

Q, =boKP1 RP2(log A)3b, P /Pbs )
where

Qg = suspended sediment yield at a particular
location in the stream system,

= goil-erodibility factor,

storm-erosion index,

area of surface exposed by construction,

average height of cut or £ill work, and

dimensionless proximity factor for relative

location of construction to stream system.

0o » oA
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The values of the independent factors define condi-
tions in the watershed upstream of the particular
location in the stream system. The b-constants are
the regression coefficients.

FACTOR DEFINITIONS

The concept of the soil-erodibility factor K (mea-
sured in tons per acre per unit of storm-erosion
index R) was taken directly from the work of Wisch-
meier, Johnson, and Cross (2). The K-term was
employed because it is based on a great quantity of
field data and is relatively easy to evaluate from
information usually available to the engineer. The
five soil parameters that must be known for a number
of representative samples for the determination are
as follows: percentage of silt, percentage of sand,
organic-matter content, soil structure, and perme-
ability. Proposed highway construction normally
would be preceded by a soils and geological investi-

gation that would yield these data.
Wischmeier and Smith (9) found that the best

single rainfall variable related to soil loss is the
product of the total storm rainfall energy and its
maximum 30-min intensity. They define the erosion
index R as follows:

R=(E - 1)/100 @

where E is the energy of the storm in foot-tons per
acre and I is the maximum 30-min intensity in inches



pexr hour. The R-value for a specific measured
rainstorm may be computed by the procedure described
by Wischmeier and Smith. The annual average R-
value, the average time distribution of that annual
value through the year, and the expected magnitudes
of storm R-values for various recurrence intervals
may be found in Agricultural Handbook 282 (1) for
areas east of the Rocky Mountains.

Sediment yield must be a function of the area of
exposed surface available to rainfall-induced ero-
sion. For this study, the area A (in acres) was

Figure 1. Definition of proximity
factor P.
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Figure 2. Locations of field-study areas.

| White Deer Creek 4 Appelmon's Run
2 Muddy Run Tributary 5 Steam Valley Run
3 Conodoguinet Creek Tributary

PENNSYLVANIA

Table 1. Watershed characteristics.
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defined as that exposed by the clearing and grubbing
phase of the construction. A preliminary graphical
study of the data showed that Qg best related
linearly to log A on a logarithmic plot. The value
of this factor may be taken from the highway plans.

Slope 1length and gradient of exposed surfaces
have been shown (10) to be of prime importance in
the erosion process. Highway cut-and-fill slope
gradients are generally standardized according to
their height and it was reasoned that an average
height D (in yards) of cut-and-fill work would be a
measure of the slope characteristics. The average
D-value of earthwork completed upstream of a par-
ticular location in a stream system may be obtained
from the highway profile. The minimum value of D is
zero, which occurs after clearing and grubbing have
begun but before the cut-and-fill work has commenced.

The dimensionless proximity factor P was ra-
tionalized as an excellent measure of the location
of the construction relative to the stream system.
It was defined as follows:

P=Ag/A 3)

where Ag is the surface area (in acres) between
the upslope side of the construction and the stream
system as shown in Figure 1. The value of Ay may
be found by planimetering highway location maps.
The minimum value of P is one that occurs when a
stream passes through the construction area and
sediment discharges directly into it without flowing
over undisturbed surfaces-.

Finally, Qg is the highway-construction-re-
lated, suspended sediment yield (in tons) caused by
rainfall.

FIELD STUDIES

The five watersheds that provided the data for the
development of the highway sediment yield equation
were located in central Pennsylvania as shown in
Figure 2. White Deer Creek is located approximately
20 miles south of Williamsport and 70 miles north of
Harrisburg. It is a tributary that flows from west
to east to the west branch of the Susquehanna River.
Muddy Run is in the same vicinity but flows into the
west branch from the east. Conodoguinet Creel flows
into the Susquehanna River near Harrishurg; its
watershed is located approximately 10 miles west of
the city. Appelman's Run is a tributary to Fishing
Creek, which flows into the north branch of the
Susquehanna at Bloomsburg. Steam Valley Run flows
into Blockhouse Creek, which is a tributary of Pine
Creek and the west branch of the Susquehanna. It is
located about 20 miles north of Williamsport. The

Mean Annual Mean Annual Soil
Area Stream Avg Land Temperature Precipitation
Watershed (miles?)  Slope (%) Slope (%) Land Use (F°) (in) Overburden Bedrock
White Deer 25 Forest 50 41.7 Coarse-graded Clinton shale
Creek alluvium
S2 29.6 1.0
S4 4.9 2.8
S5 33 3.1
S9 1.6 6.7
S10 2.1 6.1
Muddy Run 1.6 1.8 7 Grass and 50 41.7 Fine-graded Bloomsburg shale
tributary cropland alluvivm
Conodo- 0.8 2.0 30 Forest and 53 43.4 Stony to Clinton and Martinsburg
guinet Creek grassland gravelly silt shales
tributary loam
Appelman’s T2 1.0 10 Grass and 50 38.5 Silty clay loam Keyser, Tonoloway, and
Run cropland Wills Creek shales
Steam Val- 5.3 5.2 20 Forest 46 35.0 Glacial till Catskill sandstone

ley Run
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watersheds have similar climatic conditions but
other characteristics such as areas, slopes, soils,
and land uses varied as listed in Table 1. Data
were collected at five locations--S2, S84, S5, 89,
and S10--in the White Deer Creek stream system to
provide a greater variation in construction-factor
values.

The highway construction in every case was for
completely new roadway locations. It was for four-
lane limited-access highways in the White Deer Creek
watershed for I-80, in the Conodoguinet Creek tribu-
tary watershed for I-81, and part of the work in the
Muddy Run tributary watershed for state route 147.
The other construction projects were for two-lane
roadways. The highway or route, length, and ero-
sion-control practice for the project in each water-
shed are shown in Table 2. As seen, erosion-control
practices varied for the projects, and the timing of
the application of the particular practice with the
construction also was different. Most of the cut-
and-fill work was completed at White Deer by August
1969 but the permanent seeding and mulching were not
completed until the summer of 1970. At Muddy Run,
earthwork was completed in the spring and the seed-
ing and mulching were completed in the summer. The
Conodoguinet Creek tributary watershed was part of a
research project and the seeding and mulching were

Table 2. Highway or route, highway length, and erosion-control practice.

Highway Length (miles) Erosion-
Highway or Control
Watershed Route Two-Lane Four-Lane Practice
White Deer 1-80 Seeding and
Creek mulching
S2 - 5.4
S4 - 3.4
S5 - 1.8
S9 - 0.7
S10 - 0.6
Muddy Run PA-147 - 0.6 Seeding and
tributary PA-405 1.4 - mulching
Conodoguinet  I-81 - 0.6 Seeding and
Creek tribu- mulching
tary
Appelman’s PA-487 0.6 - Check dams,
Run seeding
and mulch-
ing
Steam Val- US-15 2:7 - Check dams,
ley Run straw bales,
sediment
ponds,
seeding and
mulching

Table 3. Hydrologic, soil-erodibility, construction, and location-factor data.

purposely not applied until the paving had been
finished. In the other two watersheds, additional
structural devices were employed. Reed (11) found
that check dams, straw bales, and small sediment
ponds may only have trap efficiencies of 5 percent,
and their effect on the data for this study was
ignored. The seeding and mulching kept pace with
the earthwork for those two projects.

Sediment yield was measured in the White Deer
Creek and the Muddy Run tributary by manual sampling
supplemented by using results from several automatic
samplers. It was primarily measured at the stream
stations in the other stream systems by using auto-
matic samplers supplemented by using a manual sam-
pling. Natural sediment transport was measured
upstream of construction in the White Deer Creek,
Muddy Run tributary, and BAppelman's Run. It was
established in the Conodoguinet Creek tributary from
the results of sampling for three years before
construction began. Total sediment yields at sta-
tions downstream of construction were adjusted for
natural transport. Vice, Guy, and Ferguson (5)
adjusted their sediment-yield data for seeding and
mulching. They assumed that sediment yield was
reduced 50 percent on application and further re-
duced to 80 percent as a fairly well-estabhlished sod
cover developed. It was assumed that this reduction
occurred over a period of 60 days. Sterniak (12)
developed a method for computing a planting factor
that may be divided into measured sediment yield to
adjust to unplanted conditions. The value of the
planting factor varied from 1.00 before seeding and
mulching to 0.20 60 days after completion of this
work. The sediment data for this study were ad-
justed with the planting factor.

The range of factor values that occurred upstream
of each of the locations in the stream systems is
shown in Table 3. An average soil-erodibility
factor value was established for each construction
area. It was assumed that these values remained
constant for the entire construction period. The
storms that were included consisted exclusively of
rainfall and generally occurred between March and
November. Storms separated by less than 24 h were
considered one event, whereas those separated by
between 24 and 48 h were excluded. The minimum
values for exposed area were larger than desirable
to fully describe the possible range of values of
that variable. But they measured the conditions
when a first significant storm occurred on each
watershed following the initiation of construction.
The minimum wvalue of the average height of cut-and-
fill work for most of the study areas (D = 0.00)
shows that measured storms had occurred before
earthwork began in those areas. A proximity-factor

Range of Storm R
(foot-tons per acre

Range of Area Exposed

Range of Height of Range of Proximity

Number x inches per hour) A (acres) Cuts and Fills D (yd) Factor P
of —_— Construc-
Watershed Storms  Maximum Minimum AvgK Maximum Minimum Maximum Minimum Maximum Minimum tion Period
White Deer 1968-1970
Creek
S2 28 24.0 0.3 0.15 168.8 89.9 2.55 0.00 4.27 2.15
S4 28 26.0 0.3 0.13 110.9 47.0 2.22 0.00 5.10 2.16
S5 28 29.2 0.3 0.15 59.6 20.3 2.14 0.00 3.22 1.09
S9 28 27.1 0.3 0.20 14.5 9.7 2.70 0.00 1.00 1.00
S10 28 27.1 0.3 0.14 6.0 4.1 1.90 0.00 1.00 1.00
Muddy Run 14 21.4 0.4 0.25 66.5 29.0 2.17 0.00 1.92 1.75 1969-1971
tributary
Conodoguinet 53 75.8 0.6 0.18 25.0 5.0 2.63 0.20 1.00 1.00 1972-1974
Creek tributary
Appelman’s Run 42 12.4 0.5 0.48 10.9 9.5 721 1.18 1.00 1.00 1971-1974
Steam Valley Run 29 50.3 0.5 0.21 72.4 8.8 9.04 0.00 1.32 1.00 1972-1975




value of 1.00 indicates that four of the nine loca-
tions received sediment by surface runoff over
disturbed surfaces that flowed Airectly into the
stream rather than having an undisturbed surface
hetween construction and stream system.

REGRESSION ANALYSIS

Multiple linear regression is commonly employed to
obtain a relationship between a dependent variable
and an independent variable from sets of observa-
tions. The particular method employed for this
study was a computerized analysis developed by Ryan,
Joiner, and Ryan (13) called Minitab. The procedure
was to compute a sequence of multiple linear regres-
sion equations in a stepwise manner. In the initial
step, the regression egquation that relates the
dependent variable to one independent variable was
computed. For each succeeding step, one new vari-
able was added to the equation and the result com-
puted; the process continued until all independent
variables had been considered. The resulting equa-
tion from each step was the least-squares hest-fit
solution of the relationship between the dependent
and the included independent variables.

Graphical studies of the data revealed that
better linear relationships occurred with logarith-
mic plots as compared with arithmetic plots. The
regression analysis was therefore performed by using
the transformation of the model equation, which is
given below:

logQ; = logbg + b, logK + b, JogR + b3 log(log A) + D logb, + bs logP “)

The first step of the analysis entered R as the
best-related independent variable and resulted in an
equation that had a standard error of 0.57 and a
correlation coefficient of 0.67. The second step
added D and yielded a relationship that had a stan-~
dard error of 0.49 and a correlation coefficient of
0.78. The equation from the third step, which
addded logA, had a standard error of 0.42 and a
correlation coefficient of 0.84. The next step
added K and the equation had a standard error of
0.38 and a correlation coefficient of 0.87. The
final step added P and resulted in an equation that
had a standard error of 0.36 and a correlation
coefficient of 0.89.

The solution from the final step was transformed
back to the form of the original model equation and
the regression coefficients were rounded off, which
yielded the following equation:

Q, = [4.25 K147 R115 (logA)2-71 1.19P] /p0-72 ®)

This equation is the prediction equation for in-
creased suspended-sediment yield in a stream system
due to rainfall-induced erosion of soil from highway
construction areas. It predicts the effects of soil
erodibility, rainfall, size of disturbed area, slope
conditions on that area, and proximity of construc-
tion to the stream.

RELIABILITY OF EQUATION

Three criteria were used to judge the effectiveness
of the prediction equation. First, the signs of the
regression coefficients should be in accord with
physical principles. In other words, the result
should satisfy the desire for a rational form. The
equation passed this test. It would predict an
increase in sediment yield with increases in soil
erodibility, storm-erosion index, construction area
exposed, and average height of cut-and-fill work.
It also predicts that sediment yield would decrease
as the proximity factor increases.
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The second criterion, the standard error of
estimate, which measures the agreement between
predicted and observed values of sediment yield, was
noted above in terms of the logarithmically trans-
formed data. The standard errors (in percentages)
based on the final form of the prediction equation
were found to be +127 and =-56. This means that
about two-thirds of the measured sediment-yield
values fall within the range of +127 percent and -56
percent of the predicted values from the equation.
Although this is a large range of error, it is not
exceptional when compared with other sediment-trans-
port prediction methods (14). The degree of confi-
dence placed in the results from the use of the
eguation should be based on this measure of reli-
ability.

Finally, the correlation coefficient, which
measures the proportion of the variation in the
dependent variable that can be explained by the
variation in the independent variables, was noted
above to be equal to 0.89 for the final form of the
equation. This result is quite good, which indi-
cates that the general form of the equation does fit
the relationship well.

It may also be noted that the range of factor
values found in this study should be adequate to
include most conditions met in applying the predic-
tion equation. Care must be taken in attempting to
extrapolate the equation to situations that fall
outside the range of factor values that were mea-
sured in these projects.

APPLICATION OF SEDIMENT-YIELD EQUATION

Because of the dynamic construction process, the
factor wvalues would change rapidly through the
construction progress. Unlike applications of the
USLE to agricultural cases in which many of the
factors remain constant and seasonal changes are
related to a cropping-management factor, all the
highway sediment-yield factors may change in rela-
tively short time periods. The size of the area
cleared and grubbed usually changes significantly in
a matter of days. The proximity factor may change
as the size of the area cleared increases, depending
on ils location relative to the stream. Earthwork
generally progresses at a slower pace but would
usually be completed in one construction season. As
the work progresses, different subsoils may be
exposed, which causes changes in the average K-value
for the area. A storm with any magnitude of R could
occur at any time in the process.

An estimate of the sediment yield at a point in a
stream system from a particular storm may be accom-
plished by a straightforward application of the
prediction equation. It would require the evalua-
tion of the K-, A-, D-, and P-factors for the con-
struction site and the calculation of the R-value
from rain-gage data for the storm.

Foxr planning and design functions, estimates must
be made in probabilistic terms because of the nature
of the rainfall. Estimates of the average annual
sediment yield trom a proposed highway project may
be made by phasing estimates of construction prog-
ress quantified by using the changing values of the
soil and construction factors with respect to time
with average values of storm R through the same
period. These latter values may be estimated from
data presented in Agriculture Handbook 282 (1),
which gives an isoerodent map of average annual
erosion index values and the erosion-index distribu-
tion curves, an example of which is shown in Figure
3. Since the prediction equation does not relate
Qs to R 1linearly, estimates should be made of
sediment yield by using weekly or semiweekly values
of R, which approximate individual storm values,
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Fgure 3. Erosion-index variation.
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determined from the above sources. Handbook 282
also lists 5, 20, and 50 percent probability values
of annual R, which could be employed in a similar
fashion to estimate those probability values of
annual sediment yield from construction. With this
method, the timing of critical construction phases
could be scheduled to occur during periods of aver-
age lower R-values.

The capacity of an erosion-control device could
be established from an estimate of the sediment
yield from the area heing controlled. 1In this case,
the critical combination of soil and construction
factor values for the area would be substituted
along with the design storm R-value into the predic-
tion equation. Handbook 282 1lists expected magni-
tudes of single-storm erosion-index values for
frequencies of 1, 2, 5, 10, and 20 years for many
locations east of the Rocky Mountains. A design
storm period of two years would seem reasonable
given that these devices are temporary and the low
probability that the design storm would occur when
the other factor values are in a critical combina-
tion condition.

CONCLUSIONS

This study has been conducted with the objective of
developing an equation for predicting suspended-
sediment yields in stream systems during periods of
rainfall-induced erosion of disturbed soils common
to uncontrolled highway construction. Factors that
quantify soil erodibility, rainfall, construction
phases, and relative highway location effects have
been either adopted from the literature or developed
for the study. A regression equation (Equation 5)
was derived from 278 sets of values of these fac-
tors, which were computed from data collected in
five watersheds.

The general form of the equation satisfies ra-
tional relationships. Sediment yield increases with
soil erodibility, storm-erosion index, size of area
cleared and grubbed, and average height of cut-and-
£111l work. It decreases with an increasing proxim-
ity factor. Since D is an exponent, the equation
predicts sediment yield from a cleared area before
earthwork has begun.

The reliability of the prediction is indicated by
the standard errors of the estimate. They were
found to be +127 and -56 percent. This large range
is far from satisfactory but not unusual in sedi-
ment-transport studies. Results from applications
of the equation should be interpreted as estimates
rather than as accurate predictions. In addition,
the correlation coefficient of 0.89 for the assumed
linear relationship Dbetween the logarithmically
transformed data indicated that the assumption was
reasonable. It is also concluded that adequate
ranges of values of the factors were obtained from
the five watersheds to permit the equation to bhe
applied to most highway construction sites, and
extrapolation outside these ranges is not recom-
mended .

The results of this study should be of great
value to the highway engineer. By application of
the prediction equation, the location of a proposed
highway may be established for minimum sediment
yield. Increasing the distance from a stream in-
creases P and hence would tend to decrease Qg.
But D would then usually tend to increase due to
steeper terrain and hence Q; would tend to in-
crease. An optimum location, from the aspect of
sediment yield, could be found.

Highway construction has often been blamed for
excessive increases in sediment in adjacent streams,
but methods have not heen readily available to
quantitatively evaluate this accusation. The pre-
diction equation may be employed to estimate the
quantity of sediment carried by a stream as a result
of a particular storm on construction-site condi-
tions at the time. It may also be used to estimate
the total yield produced over the life of the proj-
ect. In addition, highway construction often occurs
in connection with the construction of housing
developments, shopping centers, industrial parks,
and other kinds of urban expansion. This equation
may be employed to estimate the portion of the
sediment yield due to highway construction.

This study was conducted by wusing data that
generally showed 1little effect from erosion and
sediment-control measures. The result may thus be
used as a basis for comparison to evaluate the
effectiveness of control methods. The equation may
also be employed to determine the design capacity
for catchment devices.
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Evaluation of Filter Fabrics

DAVID C. WYANT

This study was conducted to develop tests that simulate field conditions and
that could be used to generate information for the formulation of specifica-
tions for purchasing filter fabrics to be used to construct silt fences. Fifteen
fabrics were subjected to seven tests devised to evaluate thelr performance.
Two of the tests—laboratory filtering efficiency and warp ile strength—have
been adopted by the Virginia Department of Highways and Transportation
for evaluating filter fabrics to be used on construction projects. Three of the
four parameters found to be critical in the design of a silt fence—filtering
efficiency, flow rate, and warp tensile strength—are ascertained by these two
tests. A third test, to determine the fourth critical parameter (resistance to
damage by ultraviolet rays), is reported but was not recommended to the
department for use because of its lack of reproducibility. Further work on a
method for evaluating this critical parameter is needed.

Because accelerated erosion can result from areas
denuded during highway construction, the policy of
the Virginia Department of Highways and Transporta-
tion is to employ protective measures on all proj-
ects and to establish vegetation as early as pos-
sible. In addition to vegetation, nonvegetative
temporary erosion and sediment-control measures are
needed to prevent the construction-generated silt
from being carried into nearby waterways or onto
adjoining properties. These nonvegetative measures
are especially wuseful for the retention of silt
before vegetation is established.

The department uses various types of nonvegeta-
tive-control measures to impede the flow of sedi-
ment-laden waters and to filter out sediment. The
most commonly used measures are barriers made of
straw, gravel or crushed stone, and brush. In very
critical areas, however, the protection provided by
these barriers has not been sufficient. Faced with
this problem and recognizing that a large number of
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for Use in Silt Fences

fabrics had been introduced to the highway industry
for use as filter materials, in 1975 the department
put into effect a special provision that allowed
contractors to use fabrics to construct silt fences.

Different fabric manufacturers produce materials
of different properties and use the results of
different approval tests, such as those sanctioned
by the BAmerican Society for Testing and Materials
(ASTM) (1), as evidence of their quality. BAlso, the
properties of the materials do not clearly relate to
the properties desired of a fabric to be incorpo-
rated in a silt fence. Therefore, a study was
initiated to develop tests that could be used to
evaluate the properties of the fabrics and provide
information that might aid in the development of
specifications to be stipulated in purchasing them
(2).

OBJECTIVE

The objective of the study was to develop informa-
tion for the formulation of specifications for use
in purchasing filter fabrics for building silt
fences on highway construction projects. To achieve
this objective, the performance desired of an in-
stalled silt fence made of fabric had to be estab-
lished along with a wvalid estimation of what is
reasonably achievable. Therefore, the first objec-—
tive was to develop tests that closely simulated the
conditions to which a silt fence 1s exposed. In
addition, the tests were to be of a type that could
be performed without any large investment in addi-
tional testing equipment.
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CRITERIA FOR TESTS AND FABRICS

In developing the evaluative tests, it was decided
that they should simulate field conditions. The
criteria established for the fabrics were that they
must have the following properties:

1. Sufficient strength to resist the force of the
sediment-laden water without excessive elongation,

2. Resistance to the effects of ultraviolet rays
from the sun,

3. Resistance to the effects of water of low or
high pH, and

4. Rbility to filter out most of the soil carried
in the runoff from a construction project without
unduly impeding the flow.

During the course of the testing program, it was
decided that the effects of permeability would be
investigated along with the susceptibility of the
fabrics to creep.

FABRICS TESTED

received from their manufac-
Table 1 1lists the fabrics and

Fifteen fabrics were
turers for testing.
their manufacturers.

Table 1. Fabrics tested.

Trade Name Manufacturer or Distdbutor
Bidim C-22 Monsanto Textiles Co.
Filter-X Carthage Mills

Polyfilter X
Polyfilter GB
Laurel Erosion Cloth,
types I and II
Polyfelt TS-200, TS-300, and TS-400

Advance Construction
Specialties Co.

DISCUSSION OF RESULTS

Seven tests were developed for evaluating the fab-
rics. The data obtained from two of the tests--
water permeability and field filtering efficiency--
indicated no trends and are not reproducible.
Therefore, they were not considered for further use
and are not discussed in this paper. The test for
determining the effects of pH indicated no adverse
effects from exposure to solutions that cover the
extremes of pH encountered in the field; thus this
test is not useful. A fourth test, that for creep,
also proved not to be useful.

The remaining tests--those for filtering effi-
ciency and flow rate, tensile strength, and resis-
tance to damage by ultraviolet rays—--are discussed
in the following sections.

Laboratory Filtering Efficiency and Flow Rate

In Virginia, each of the three dominant soil types
is linked to one of the three major geological
provinces. Clayey soils overlie limestone bedrock
in the Valley and Ridge Province of western Vir-

ginia; silty soils overlie mica-rich granite in the
Piedmont area; and sandy materials overlie the
relatively young sediments in the Coastal Plain

Province. A large sample of each of these soils was
collected, dried, and sieved. The gradation curves
are given in Figure 1.

Since straw-hale barriers are considered the
standard control measure used by the department, it
was decided to evaluate the filter fabrics under
conditions to which straw-bale barriers are sub-
jected. It was known from previous work, however,
that filter fabrics acted more like a dam than did
straw bales (3) and that they therefore could not be
subjected to high flow rates. Consequently, it was
decided to test the fabrics in the laboratory in a
flume that had a slope of 8 percent, the slope of
the average ditch in which straw bales are in-
stalled. To simulate runoff water, a sediment-laden
mixture of 3000 ppm was selected, since the previous

Mirafi 140 Celanese Fibers Marketing
Corp. work had shown that this suspended-solids value was
Monofelt Menardi Southern Division, the maximum encountered in the field during a non-
- United States Filter Corp. catastrophic storm event. Three such mixtures were
onofilter p :
Supac 5-E (PR165A) Phillips Fibers Corp. run through each fabric to determine the effect
Supac 4-P three storm events would have on the filtering
Typar 3401 E.L. DuPont de Nemours and capability and flow rate. It had been found that,
Co., Inc. usually, after three storm events of greater than
Figure 1. Gradation curves for three soils used. CLAY ; SILT FINE SAND COARSE SAND GRAVEL
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0.5 in of rainfall, silt fences
unless they were cleaned out.

Three samples of each fabric were evaluated by
using each of the three soils. Sediment-laden water
was generated for each test by adding 150 g of
minus-10 material to 50 L of uncontaminated water.
Relatively clean stream water was transported to the
laboratory, since tap water supplied by the 1local
municipality contains alum, a coagulant. The alum
will settle out particles quicker than will stream
water and thus indicate a filtering efficiency and
flow rate higher than would be found in the field.

Each soil was sieved on the No. 10 screen to
obtain particles that had 2.00-mm maximum size
because it was believed that particles larger than
that would not be in suspension in the field. The
above assumption seems to be reasonable, since soil
particles 2.00 mm large would settle 1 m in less
than 10 s in still water (4).

The soil and water were thoroughly mixed, the
resultant mixture was poured immediately behind the
fabric sample into the flume, a clock was started,
and the time required to filter 50 L of the sedi-
ment—-laden water was recorded. The filtered water
was collected in a container and a representative,
depth-integrated, well-mixed sample of the filtrate
was obtained. The suspended-solids 1level of the
filtrate was determined following the procedure for
nonfiltrable residue described in the 1l4th edition
of Standard Methods for the Examination of Water and

were 1inoperable

Wastewater (5). The filtering efficiency (FE) of
the fabric was calculated as follows:
FE (percent) = [(SSpefore = SSafter)/SSbeforel

x 100.

SSpefore and SSyfre, are the suspended-solids
values before and after filtering, respectively.

By using the filtering efficiency determined and
the corresponding gradation curve of the soil (Fig—
ure 1), the largest particle that passed through the
fabric was determined. The flow rate was determined
for this standard-size sample from the known volume
of 50 L and the time required for filtration.

Table 2 gives the results of the Jlahoratory
filtration tests. The flow rate, the filtering
efficiency, and the largest particle size of the
soil that passed through each fabric are indicated.

Table 2. Laboratory-filtration-test results.
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As shown, the results varied considerably among soil
types as well as within each type.

For the sandy soil, a clay-sized particle was the
largest that passed through the fabrics. Polyfilter
GB and Polyfilter X fabrics allowed the larger clay

particles (0.004 mm) to pass through, whereas the
other fabrics filtered down to the smallest clay
particle (0.001 mm) measured in the study. The

results for filtering efficiency on this soil were
high (greater than 92 percent), which should be
expected when most of the particles dropped out of
suspension very quickly. Figure 1 indicates that
approximately 85 percent of the particles are larger
than 0.15 mm and these particles take 67 s to settle
1 m in still water (4). Since only approximately 15

percent of the particles of this sandy soil (Figure
1) were in suspension after 1 min, very 1little
clogging of the fabric openings occurred, even

during the three storm events simulated for each
fabric sample.

The flow rate wvaried from a low of 0.01 gal/
ft?/ min (Typar 3401) to a high of 86.0 gal/ft?/
min (Laurel Erosion Cloth II). In Table 2 there
seem to be no definite trends among the three col-
umns of results for the sandy soil. The filtering
efficiency and largest particle to pass through the
fabric did not wary as much as the flow rates did.

As indicated in Table 2, most of the largest
particles that passed through the fabrics were in
the clay size range (less than 0.005 mm) and in
still water take more than 7 h to settle 1 m (4).
Since the water retained behind a silt fence is not
completely still and the fence is not higher than 3
ft, the settlement of these particles would require
that the fence perform more like a dam than like a
filtering device. However, because of the high
volume of water that usually accumulates behind a
silt fence, it would be impossible for the fence to
act like a dam without structural failures or the
sediment-laden water going around or over it. In
addition, clay particles have electrical charges on
their surfaces that may keep them in motion
(Brownian movement) and thus prevent them from
settling. Consequently, with a silt fence it would
seem hest to attempt to retain the slli-sized par-
ticles. As indicated earlier, the smallest silt-
sized particle (0.005 mm) would take more than 7 h
to settle out in still water.

Sandy Soil Silty Soil Clayey Soil
Filtering Particle Filtering Particle Filtering Particle
Flow Rate Efficiency Size? Flow Rate Efficiency Size? Flow Rate Efficiency Size?
Material (gal/ft?/min) (%) (mm) (gal/ft2/min) %) (mm) (gal/ft2/min) %) (mm)
Bidim C-22 (NW) 1.7 97 0.001 0.2 95 0.001 0.6 97 0.001
Filter-X (NW) 0.2 98 0.001 0.2 98 0.001 0.6 94 0.001
Laurel Erosion 0.4 97 0.001 0.1 99 0.001 0.3 98 0.001
Cloth type I (W)
Laurel Erosion 86.0 94 0.001 59.9 49 0.180 63.5 85 0.001
Cloth type II (W)
Mirafi 140 (NW) 0.4 98 0.001 0.2 98 0.001 0.2 99 0.001
Monofelt (NW) 0.4 99 0.001 0.3 90 0.001 0.3 99 0.001
Monofilter (W) 0.2 98 0.001 0.1 94 0.001 0.2 95 0.001
Polyfelt TS-200 (NW) 3.8 97 0.001 0.2 99 0.001 1.1 94 0.001
Polyfelt TS-300 (NW) 2.2 97 0.001 0.3 99 0.001 0.03 93 0.001
Polyfelt TS-400 (NW) 2.7 98 0.001 0.5 99 0.001 0.2 95 0.001
Polyfilter GB (W) 53.4 92 0.004 53 84 0.008 3.1 88 0.001
Polyfilter X (W) 5.1 92 0.004 0.4 88 0.004 0.5 89 0.001
Supac S-E 0.2 99 0.001 0.3 98 0.001 0.2 98 0.001
(PR165A) (NW)
Supac 4-P (NW) 0.1 99 0.001 0.002 100 0.001 0.2 98 0.001
Typar 3401 (NW) 0.01 99 0.001 0.1 94 0.001 0.2 97 0.001

Note: W =woven; NW = nonwoven.
aLargest particle that passes through fabric,
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In light of the settling times mentioned above,
most of the suspended particles to be filtered will
be in the silt and fine-sand particle ranges. Of
the three soils used in the study, the silty soil
from the Piedmont region has the highest percentage
(40 percent) of these particles, as shown bhelow:

Grain Size Soil Type

Range Clayey Silty Sandy
Clay 51 13 8
Silt 19 26 2
Fine sand 7 14 30
Coarse sand 5 7 54
Gravel 18 40 6

In adAdition, Figure 1 shows that the gradation curve
for the silty soil is more uniform than are the
curves for the other two soils.

The filtration-test results for the silty soil
are more varied than are those for the clayey and
the sandy soils. At flow rates from 0.002 to 59.90
gal/ft2/min, the filtering efficiencies range from
49 to 100 percent and the particle sizes from 0.001
mm (clay) to 0.180 mm (fine sand). The rates for
the three woven fabrics (Laurel Erosion Cloth 1II,
Polyfilter GB, and Polyfilter X), although quite
different (from 0.4 to 59.9 gal/ft?/min), allowed
the largest particle to pass through. However, with
the exception of the first two of these, all the
fabrics retained soil particles larger than clay
size.

The results for the clayey soil indicate that
only clay-sized particles passed through the fab-
rics. However, the removal of soil particles was
greater than 90 percent for all the fabrics except
the three just named. The flow rate was high for
Laurel Erosion Cloth II (63.5 gal/ft?/min), where-
as Polyfilter GB and Polyfilter X had flow rates
(3.1 and 0.5 gal/ft*/min, respectively) similar to
those of the other fabrics. Most of the flow rates
were between 0.2 and 0.6 gal/ft?/min. Since the
most erodible soil in Virginia is the micaceous
silty soil in the Piedmont (1.2-4.3 tons/acre/year
of soil loss in undisturbed areas) (6), it should be
used in evaluating fabrics.

Strength

Silt fences need sufficient tensile strength to
withstand the forces exerted by the storm runoff and
collected silt. Fabric strength also becomes impor-
tant with certain modifications in installation
practices (7), such as the elimination of the rein-
forcing wire and the reduction in supports. These
modifications would simplify the installation of
silt fences and thus reduce the cost. When these
modifications are considered, equally as important
as the tensile strength and selection of the fabric
is the elongation, or strain. Silt fences without
reinforcing wire and with the maximum allowed sup-
port spacing of 10.0 ft cannot function properly
with more than 20 percent elongation. At this
elongation, they would sag more than 3.0 in between
posts. Therefore, the strength at 20 percent elon-
gation is very important.

Several factors considered in the tensile testing
are discussed below.

Rate of Strain

In testing soils, a very slow rate of strain of 1-2
percent/min is used; in testing fabrics the rate is
greater than 15 percent/min and sometimes exceeds
100 percent/min. In order to minimize the outlay
for testing equipment, a motor-driven screw jack was
used to extend the fabrics. Also, it was desirable

to keep the strain rate as low as possible and, it
was hoped, close to that used with soil-testing
equipment.

Size of Sample

To avoid end-restraint problems from necking down of
the fabric, a 2:1 ratio of 1length to width was
chosen for tensile-test samples. By using the 2:1
ratio and the maximum-allowable travel of the test
equipment, a sample size 14.0 in long by 7.0 in wide
was chosen. This size is larger than that of most
ASTM fabric test samples and should account for the
variability in the production of the fabric better
than a smaller sample size would. 1In order to have
14.0 in of unsupported sample between the clamps,
the samples were cut 27.0 in long by 7.0 in wide.
The extra length was needed for overlapping the
fabric in the end clamps.

Clamps

Three flat plates were bolted securely together to
make a clamp for each end of the fabric samples.
The plates were 16.0 in long by 3.0 in wide by 0.25
in thick. The samples were lapped between the three
plates to prevent slippage during testing.

Number of Samples

With the numerous tests to be performed and 15
fabrics to be evaluated, it was decided that no more
than three samples of each fabric could be tested if
the project was to be completed within a reasonable
time. BAlso, it was felt that three samples would be
sufficient for determining an average strength value.

Warp Versus Fill

Samples 27.0 in by 7.0 in were cut from bhoth the
warp (perpendicular to the axis of the roll of
fabric) and the £ill (parallel to the axis of the
roll of fabric) directions. Tensile tests were
performed on these samples to determine whether the
strength or elongation varied with the direction of
the fabric, since little is known about this subject.

Tears

When silt fences are installed in the field, tears
0.5 in long are made in the fabric to fasten it to
the supports by using wire or heg rings. It was
decided that any reduction in strength that resulted
from these tears should be determined. Therefore,
three samples of each fabric cut in the warp direc-
tion and with single 0.5-in slits torn parallel to
the length and in the middle were tested to deter-
mine the effects of the tears.

Table 3 gives the results of three tensile tests
performed on each fabric in the warp direction, in
the f£ill direction, and in the warp direction with a
0.5-in tear placed in the center of the samples.
Load versus elongation curves were plotted for all
samples. The strength values shown in Table 3 were
developed as follows. If the fabric generated a
load-elongation curve as indicated in Figure 2,
curve A, the maximum load (Pp,y) was determined at
the peak as shown. If the fabric generated a load-
elongation curve as shown in Figure 2, curve B,
Ppax was determined at 20 percent elongation for
the reasons noted earlier. If the load-elongation
curve generated was similar to curve A but peaked
past 20 percent elongation, then Ppax was still
taken as the load at 20 percent elongation.

The maximum strengths for the three samples of
each fabric were averaged and divided by 7.0 in, the
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Table 3. Average strength from tensile tests.
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Figure 2, Determining maximum load (P} from tensile-strength data.

Strength (Ib/linear in) ‘l
Tear 0.5
Material Warp Direction Fill Direction in Long T (S
max
Bidim C-22 (NW) 23 108 23 ! Curve A
Mirafi 140 (NW) 53 43 50 |
Monofelt (NW) 20 30 28 |
Polyfelt TS-200 (NW) 22 2 31 . I Curve B
Polyfelt TS-300 (NW) 26 3 27 max T mAmies e - R
Polyfelt TS-400 (NW) 27 5 25 | |
Supac 4-P (NW) 4 21 4 |
Supac 5-E (NW) 3 74 7 |
Typar 3401 (NW) 49 62 45 B !
Filter-X (W) 36 19 40 | I
Laurel Erosion 230 145 180 | |
Cloth type I (W) | |
Laurel Erosion 172 172 140 | |
Cloth type II (W) ' |
Monofilter (W) 134 135 158 i i <o
Polyfilter GB (W) 91 95 74 "
Polyfilter X (W) 135 108 139 o 20
£,%
Table 4. Average strength from .
ultraviolet tests!.'e ' Strength (Ib/linear in)
Material Initial 1 Month 2 Months 3 Months 4 Months 5 Months 6 Months
Bidim C-22 (NW) 23 14 17 18 16 18 12
Mirafi 140 (NW) 53 i 11 5 - - -
Monofelt (NW) 20 9 8 4 - - -
Polyfelt TS-200 (NW) 22 17 17 15 14 14 2
Polyfelt TS-300 (NW) 26 17 20 18 13 17 14
Polyfelt TS-400 (NW) 27 20 18 28 31 18 24
Supac 4-P (NW) 4 6 5 4 - - -
Supac 5-E (NW) 3 6 5 8 6 8 11
Typar 3401 (NW) 49 28 24 22 23 19 18
Filter-X (W) 36 69 78 88 88 83 16
Laurel Erosion 230 244 259 260 213 171 154
Cloth type I (W)
Laurel Erosion 172 182 179 195 166 172 183
Cloth type II (W)
Monofilter (W) 134 Z11 220 227 193 194 200
Polyfilter GB (W) 91 124 78 136 155 163 122
Polyfilter X (W) 135 230 123 249 233 218 132
Note: Where no value is given, the fabric completely deteriorated and no samples were tested.
;r::: ef:r. u?:'::rl-i.:)algt/ :::st“sl aather Deviation Average Deviation from High Low
) Rainfall from Normal Temperature Normal Tempera- Temperature Temperature Degree-
Date (in) Rainfall (in) CF) ture (°F) CF) CF) Days
Apdl 1977 2.15 -1.13 59.2 2.2 88 9 232
May 1977 2.70 -1.20 68.1 2.1 92 37 49
June 1977 1.56 -1.88 70.4 -2.9 91 45 18
July 1977 1.14 —4.02 80.0 2.9 103 53 0
Aug. 1977 2.37 -2.46 76.6 1.0 97 53 0
Sept. 1977 1.42 -2.77 71.9 2.5 96 50 4

sample width.
strengths.

The nonwoven fabrics,
composition,

value than the woven fabrics did,
fill-direction

tion and

X. The

Table 3 gives

Note: Degree-days are sums of negative degrees of average daily temperature from 65° as established by National Oceanic and Atmospheric Ad-
ministration, U.S. Depariment of Commerce.

the average maximum

because of their construc-

indicate a

strength is

Jower
except for Filter
equal to

strength

or

exceeds the warp-direction strength for 7 of the 15

unaffected fibers for small tears of 0.5 in.
remaining six fabrics (three woven and three non-
woven) indicate an average reduction in maximum
strength of 20 percent (range 19-22 percent) for the
woven fabrics and 7 percent (range 6-8 percent) for
the nonwoven fabrics.

From a structural standpoint, it can be calcu-

The

fabrics tested. This trend is shown almost equally
by the wowven and nonwoven fabrics (three out of six
woven fabrics and four out of nine nonwoven ones).

A comparison of the average strengths of the
0.5-in tear samples with those of the warp-direction
samples shows that for nine of the 15 fabrics the
former had average strengths equal to or exceeding
those of the latter. This trend indicates that the
stress on the fibers is realigned or transferred to

lated that a silt fence 3.0 ft high and full of
sediment needs to withstand an active earth pressure
of 165 1lb/linear £t of fence. This pressure amounts
to a total load of 1650 1lb against a fence 10 ft
long or a warp tensile strength of approximately 50
1b/in. As indicated in Table 3, one nonwoven fabric
(Mirafi 140) and all the woven fabrics except Filter
X had a warp tensile strength, with or without the
0.5-in tear, in excess of this requirement. The
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Table 6. Summary of recommendations.

Filtering
Efficiency Flow Rate Tensile_ Strength
Structure (%) (gal/ft?/min)  (Ib/linear in)
3-ft silt fence with 75 0.3 Reinforcing
reinforced backing, governs

posts 10 ft apart

3-ft silt fence, no 75 0.3 50
reinforced backing,
posts 10 ft apart

18-in silt barrier, no 75 0.3 24
reinforced backing,
posts 10 ft apart

18-in silt barrier, no 75 0.3 7
reinforced backing,
posts 3 ft apart

remaining fabrics need support from something like
woven wire to meet the requirement.

Because of the high cost of straw-bale barriers,
consideration is being given to alternatives, par-
ticularly a small silt fence less than 18.0 in high
(8), for use in drainage ditches and other loca-
tions. From a structural standpoint, the active
earth pressure against this type of barrier would be
43 1b/linear ft of fence, for a total load of 430 1b
against a section of fence 10.0 ft 1long. In order
to withstand this load, the fence would need a warp
tensile strength of 24 1lb/in. From Table 3 it can
be seen that all the fabrics except the nonwoven
Bidim C-22, Monofelt, Polyfelt TS-200, Supac 4-P,
and Supac 5-E meet the strength requirement for this
type of filter barrier.

Since an 18.0-in filter barrier used in place of
a straw-bale bharrier would generally be a maximum of
10.0 ft long, it is desirable that the barrier posts
not be spaced more than 3.0 £t apart. With this
spacing, the needed warp tensile strength would be
reduced to 7 1b/in. At this strength value, all but
Supac 4-P and 5-E would meet the strength require-
ment without reinforcement.

Resistance to Damage by Ultraviolet Rays

To evaluate the susceptibility of the fabrics to
damage from ultraviolet rays, a large sample of each
fabric was hung from a clothesline, and each month
three samples (27.0 in long by 7.0 in wide) were cut
from it in the warp direction until the material
decomposed or had undergone six months (BApril to
October) of exposure. The samples were brought to
the laboratory and tested for tensile strength.

Table 4 indicates the average warp tensile
strength of the fabrics when exposed to the weather
conditions indicated in Table 5. The months chosen
for exposure are the ones of heaviest construction
activity and the hardest on the fabrics. In addi-
tion, because most silt fences are helpful in the
control of silt for three months and sometimes for
as long as six months, the fabrics were evaluated
over six months of exposure.

As indicated in Table 5, the rainfall for each
month was from 1 to 4 in less than normal, whereas
the air temperature was from 1 to 3°F above normal,
except during June, when the average was 2.9°F less
than normal.

After three months of exposure, three nonwoven
fabrics (Mirafi 140, Monofelt, and Supac 4-P) dete-
riorated to the point that no samples could bhe
obtained for testing. These three fabrics were the
only untreated polypropylene or nonpolyester mate-
rials tested. Fabrics composed of polyester or
black polypropylene material have good stability
under exposure to ultraviolet rays. For all the
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woven and two of the nonwoven fabrics (Supac 4-P and
5-E) there was a gain in tensile strength after one
month of exposure. The two nonwoven fabrics did not
exhibit a large amount of tensile strength at any
period of the testing. For Supac 5-E, however,
there was an almost fourfold increase (from 3 to 11
1b/linear in) in strength after six months of expo-
sure. Supac 4-P deteriorated after three months of
exposure.

Of the nine nonwoven fabrics, three--Polyfelt
TS-400, Supac 4-P, and Supac 5-E--showed essentially
equal or greater tensile values after three months
of weather exposure, whereas only two nonwoven
fabrics, Polyfelt TS-400 and Supac 5-E, displayed
this same trend after six months of exposure.

After three months of exposure, all the woven
fabrics showed an increase in tensile strength over
their original strength. Only Filter X and Laurel
Erosion Cloth I indicated a substantial reduction in
tensile strength after six months of exposure,
whereas for the remaining four woven fahrics the
strengths stayed essentially the same or increased.

CONCLUSIONS

In evaluations of fabrics for use in silt fences,
the laboratory filtering-efficiency test should be
performed by using a uniformly graded silty soil.
The fabric should remove 75 percent of all the soil
particles carried in the agitated, sediment-laden
water and should allow the water to pass through at
a rate of 0.3 gal/ft?/min or faster. Although 0.3
gal/ft?/min was chosen as the lowest flow rate
desired, the rate needs to be increased without
causing the filtering efficiency to drop below 75
percent.

The silt-fence analysis indicates that the rein-
forcing wire used behind a silt fence 3.0 ft high
could be eliminated if the strength of the fabric
exceeds 50 1h/linear in. For small silt barriers
used to replace straw-bale barriers (less than 18.0
in high), the tensile strength should exceed 24
1b/linear in of width of the fabric if the support
posts are 10.0 ft apart. If the posts are placed at
3.0-ft spacings, the tensile strength can be as low
as 7 1lb/linear in of width, and the barriers will be
structurally sound without any reinforcement.

Table 6 summarizes these conclusions, which have
been recommended ¢to the Virginia Department of
Highways and Transportation for purchasing specifi-
cations of silt fence filter fabrics.

IMPLEMENTATION OF FINDINGS

On the basis of the results of this study, the
Virginia Department of Highways and Transportation
has required all filter fabrics used for silt fences
to meet or exceed the values shown in Table 6 on all
construction projects advertised after April 1980.
In conjunction with these specifications, the de-
partment is evaluating filter fabrics by the labora-
tory tests for filtering efficiency and warp tensile
strength. These two tests were made effective
Octobher 1979. In the laboratory filtering-effi-
ciency test a uniformly graded, silty soil is used
to generate the sediment-laden mixture.
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Flood Frequency Analysis for

STEVEN G. BUCHBERGER

A case study of the Colorado River at Gl d Springs, Colorado, is presented
to demonstrate several statistical tests for identifying watersheds in which con-
ditions are changing with time. Results of the tests indicate that annual peak
flows of the Colorado River are influenced significantly by reservoir regulation.
Consequently, conventional methods of frequency analysis are not suitable for
obtaining flood estimates from the data series. Time-series analysis is a versatile
approach to flood-frequency determinations when conventional statistical meth-
ods are not appropriate. The basic strategy of time-scrics analysis is to treat
each value of the regulated annual peak-flow series as a combination of two ele-
ments—a deterministic p and a stochastic component. The determinis-
tic component is quantified and removed from the fiood series. The residual
stochastic components, found to be stationary and independent, are then fitted
to a probability distribution from which annual floods are estimated. Results
of the time-series analysis show that the 2 percent and 1 percent chance floods,
both required for Interstate highway design, are substantially less than corre-
sponding log-Pearson type 111 estimates. Because the time-series analysis is able
to detect and to treat the impact of reservoir regulation on the peak-flow

series, the resulting flood frequency estimates are more representative of the
watershed.

Analysis of the magnitude and frequencv of floods is
an important prerequisite of many engineering proj-
ects and consequently a routine practice in many
engineering offices. During the past 60 years, a
variety of techniques have heen developed for peak-
flow analysis (l). In an effort to promote a con-
sistent approach to these peak-flow studies, the
U.S. Water Resources Council (2-4) recommended the
log-Pearson type III (LP III) distribution for
determinations of flood frequency.

Because the LP III procedure is simple and well
documented, it has become a popular method of flood
flow determination. Application of this methodol-
ogy, however, must not preclude engineering judg-
ment. There are a growing number of situations--
such as watersheds in which peak flows are altered
by reservoir regqulation--for which conventional
statistical methods are inappropriate. The Colorado
River in west central Colorado is a classic ex-
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Regulated Rivers

ample. Experience has shown that myopic application
of the LP III method results in flood estimates that
are not representative of the Colorado River water-
shed.

The Colorado Department of Highways is now in-
volved in final design of the uncompleted portions
of I-70, much of which will parallel and at times
cross the Colorado River. For public safety and
project economy, it is imperative that the final
design be based on peak-flow estimates that accu-
ratelv reflect the flood characteristics of the
Colorado River. The purpose of this paper, there-
fore, is to (a) present several objective methods
for identifying watersheds in which reservoir regu-
lation significantly influences annual peak flows
and (b) demonstrate an alternate approach that
combines time-series analysis and engineering judg-
ment in order to obtain flood frequency estimates of
regulated rivers.

BACKGROUND INFORMATION

I-70 is the major route for east-bound and west-
bound traffic in Colorado. One of the few segments
of I-70 that remains uncompleted is that through
Glenwood Canyon, a narrow meandering gorge of sheer
cliffs shaped over millions of years by the erosive
action of the Colorado River. Although it is re-
nowned for its scenic splendor, the canyon also
serves as a vital transportation corridor for west
central Colorado. Glenwood Canyon now accommodates
US-6, the Denver and Rio Grande Western Railroad,
and the Shoshone Dam and Power Plant of the Public
Service Company of Colorado.

In 1969 the Colorado Department of Highways
received and accepted a hydrologic report (5) of the
Colorado River at Glenwood Canyon. The report
included several LP III analyses for various periods
of the annual flood record observed at Glenwood
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Table 1. Flood frequency estimates of Colorado River at Glenwood Springs.

Estimated Flood Discharge® (ft%/s)

Annual

Exceedance LP III LP II1 Recommended
Probability (1900-1968) (1942-1968) for Design
0.50 16 350 11 900 16 000

0.02 31 000 22 000 25 000

0.01 33250 23 400 26 500

AFrom Huggins and Griek (5).

Table 2. Peak flows of Colorado River at Glenwood Springs.

Dis- Dis- Dis- Dis-
charge charge charge charge
Year (1t%/s) Year (1t3fs) Year (3 fs) Year (fl’/s)

1900 20 000 1920 24300 1940 11100 1960 91730
1901 20 000 1921 29 000 1941 14 900 1961 7 680
1902 12 000 1922 16 100 1942 16 800 1962 14 600
1903 16 500 1923 20400 1943 13 000 1963 5470
1904 16 500 1924 24 500 1944 10600 1964 7 580
1905 22 500 1925 11200 1945 10 600 1965 11900
1906 22100 1926 23 000 1946 9720 1966 4 840
1907 20400 1927 18 400 1947 14 200 1967 9 200
1908 11 500 1928 27400 1948 16 600 1968 8100
1909 27 900 1929 21400 1949 16 300 1969 7120

1910 14600 1930 15500 1950 10100 1970 13220
1911 15 200 1931 9710 1951 14 400 1971 9970
1912 27 700 1932 17 300 1952 20800 1972 7300
1913 12 400 1933 20600 1953 14 000 1973 12220
1914 28 100 1934 8 140 1954 4 060 1974 9620
1915 13 400 1935 21 300 1955 5400 1975 8270
1916 14 800 1936 16 900 1956 12 600 1976 4240

1917 29 400 1937 11400 1957 18 900 1977 2340
1918 30100 1938 20900 1958 16 000 1978 11180
1919 12 300 1939 13 100 1959 8480 1979 11 860

Springs, a community near the western end of the
canyon. Results of the study (Table 1) show that
the flood estimates obtained from the short record
(1942-1968) are 30 percent less than those from the
entire record (1900-1968). The values recommended
for design were a compromise hetween the flood
estimates obtained from bhoth periods.

A recent review (6) of the recommended values
suggests that they are not representative of the
watershed. For example, the annual peak flows of
the Colorade River (Table 2) show that the 50 per-—
cent chance flood has not occurred for 22 consecu-
tive years. Intuitively, it seems unlikely that
this should happen; mathematically, it is simple to
evaluate the probability that this would happen.
Since annual peak flows are considered independent
events, the probability P that a flood will not be
exceeded for n consecutive years is

P=(1-P,)" 1)

in which Py is the probability that the flood will
be exceeded in any given year. For the case under
consideration, P, = 0.50 and n = 22. Hence,

P =(1-0.50)*? = 0.000 000 24 @)

or the probability of not exceeding the 50 percent
chance flood for 22 consecutive years is about 1 in
4 million.

The remote possibility of this dry spell indi-
cates that the recommended 50 percent chance flood
is overestimated. Although this type of check can
be extended to the 2 and 1 percent chance floods,
the results would be inconclusive because the length
of the annual peak-flow record is short in compari-
son with the expected frequency of occurrence of
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rare floods. Nevertheless, it 1is reasonable to
suspect that a high bias also exists for the recom-
mended 2 and 1 percent chance floods. Although
inflated estimates may be condoned for providing an
extra margin of safety, overconservativeness is not
warranted, since economy of the I-70 project is
linked inextricably to the magnitude of the design
discharge.

A more compelling reason for an updated flond
study, however, stems from consideration of the
rationale wused to obtain the recommended flood
estimates. The 1969 report recognized that reser-
voir regulation affected the latter period of the
peak-flow series. Nonetheless, the entire flood
record was retained for its greater statistical base
and subsequently used in the frequency analysis. As
such, recommended flood estimates were derived from
data collected during a time that no longer reflects
prevailing conditions in the watershed. The short-
coming of this approach is obvious. Analysis of
nonrepresentative flood data yields nonrepresenta-
tive flood estimates.

Many statistical tests are available to evaluate
the suitability of an annual peak-flow series for
conventional flood frequency determinations. Sev-
eral of these tests are demonstrated following a
brief discussion of the key data assumptions on
which the frequency analysis is based.

DATA ASSUMPTIONS

In any statistical treatment of annual flood flows,
the data must be stationary and reliable. Sta-
tionariness requires that the properties of the
annual flood series remain time invariant; reli-
ability implies that the flood record is free of
substantial errors caused by measuring, transmit-~
ting, recording, and processing data. Further, the
flood record must be independent and homogeneous.
Independence means that peak flows from one year are
not influenced by peak flows from previous years;
homogeneity requires that all peak flows be from the
same parent population or collection of all possible
outcomes of annual floods.

A "well-behaved" flood series--one that is sta-
tionary, independent, reliable, and homogeneous--is
suitable for flood frequency analysis by conven-
tional statistical methods such as LP III. These
prerequisites are reiterated in the Water Resource
Council's guidelines (3,4), which caution, "Assess-
ment of the adequacy and applicability of flood
records is therefore a necessary first step in flood
frequency analysis...."

TESTING ANNUAL FLOOD SERIES

Test for Stationariness

An effective test for stationariness involves detec-
tion of significant long-term trends in the data
series (7). Although it may be possible to fit
high-order polynomial functions to the data series,
it is desirable to use simple relationships in order
to keep the analysis tractable. Therefore, a linear
trend is investigated here. For this case, least-
squares regression 1is used to express the annual
peak flows as a function of time:

g =a+bt ®
where
a = regression constant,

b = regression coefficient, and
qj = peak discharge observed during year tj.
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For a series that is stationary, the slope of the
regression line is not significantly different than
zero. So to test for stationariness, the following
hypotheses are postulated: Hy : b=0 versus
H Db # 0. The appropriate test statistic is
given by the following equation:

T=r[(n-2)/(1 -1¥)]% ~t(n-2) @

where r is the correlation coefficient of the linear
regression and n is the amount of data in the
series. The test statistic is assumed to be a
random variable that has the t-distribution with n -
2 degrees of freedom. Let tgl[l(a/2)] be the
critical wvalue of the test statistic at the a-
level of significance. Then Hy is accepted if

ITl< te[1 - (@/2)] ®)

Otherwise, Hy is rejected. By using the 80-year
flood record given in Tahle 2, least-squares regres—
sion gives the following:

q; =22 037 - (180.4); ©)

where tj is the year minus 1900 and r is =-0.63.
The minus sign in Equation 6 indicates that the
annual peak floods of the Colorado River are de-
creasing with time. From any statistics book, at
the 1 percent level of significance with n - 2 = 78,
te = 2.65. Equation 4 gives T = =7.16. Since
1TI > ter Hy is rejected. Consequently,
the annual peak-flow series of the Colorado River at
Glenwood Springs is considered nonstationary.

Test for Independence

Serial correlation is a measure of the degree of
linear dependence among successive observations of a
series that are separated by k time units. For a
series of annual floods, the units of k are given in
years. If an annual flood series is independent in
time, its serial correlation coefficients, denoted
by r(k) in which k ranges from 1 to n - 1, are not
significantly different than zero. To verify linear
independence of the annual peak-flow series it is
necessary to perform a test of significance for each
serial correlation coefficient. From a practical
standpoint, however, it is wusually sufficient to
check only r(l). For this case, the following
hypotheses are postulated: Hg : p(l) = 0 wversus
Hy : p(1) # 0, in which p(l) 4is the population
value of the first serial correlation coefficient.
If we assume a circular, normal, stationary series
of annual floods, r(1l) is given by the following:

(1) = [Z(@Qi+1) -ng?]/[(n -1)s] Q)]

where g is the mean of the annual flood series and
sq2 is the wvariance. Because a e¢ircular series
is one that c¢loses on itself (g, followed by
qy)., the summation is taken over all n-values of
the flood record. Under these conditions, confi-
dence 1limits for r(l) are given by the following
equation:

CL[x(1)] ={-1 2z, [1 - (e/2)] (n—z)’/*}/(n -1) ®)

in which z [1 = (a/2)] is the critical value of
the standard normal deviate for a two-sided test at
the a-level of significance. If r(1l) falls inside
the confidence limits, Hy is accepted (8).

The data from Table 2 give r(l) = 0.349. At the
1 percent Jlevel of . significance, zo = 2.576 and
Equation 8 yields CL[r(1)] = (-0.301, 0.275). Since
r(1l) falls outside these limits, it appears that the
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annual flood series of the Colorado River is not
independent.

Recall that this test is based on a stationary
series. The requirement for stationariness is
necessary because long-term trends introduce signif-
icant positive correlation into a series (9). If
nonstationariness is manifest as a linear trend (for
example, in Eguation 3), the positive correlation
expected at r(l) is given by the following equation:

r(1)*= (b2/1253)(n2 2n-2) o

By using b = -180.4 from Equation 6, the positive
correlation expected from the linear trend is r(1)*
= 0.388. Subtracting r{(l)* from r(l) gives a value
that 1is not significantly different than =zero.
Because the apparent significant serial correlation
results from a negative linear trend and not from
dependence among successive peak flows, the annual
flood series of the Colorado River at Glenwood
Springs should be considered independent.

Another test for linear independence of an annual
peak-flow series is as follows. Define a "turning
point" T whenever gj-; > Q@ < gj41 Or Qgj-1
< g > Qj41 For an independent series, confi-
dence limits for t are given by the following:

CL[T] ={2(n ~2) %z, [1 - (/2)] [(16n - 29)/10] %}/3 (10)

The hypothesis that the annual peak-flow series is
independent in time is accepted if T falls inside
the confidence limits (10). For the annual flood
series of the Colorado River, T = 45 and n = 80 - 3
= 77 since on three occasions observed peak flows
are identical for two successive years. At the 1
percent level of significance, Equation 10 gives
CL[T] = (40.6, 59.4). Since T falls inside the
confidence limits, the annual floods of the Colorado
River are considered independent. This conclusion
agrees with the result of the serial correlation
test.

Test for Homogeneity

Statistical tests designed to ascertain whether or
not data are from different populations invariably
require that the data be divided into two sub-
samples. For example, one common application is to
test for significant differences in the characteris-
tics of snowmelt floods and rainfall floods when
both are present in the peak-flow series. For the
Colorado River, however, the investigation concerns
flood data that are changing with time. Therefore,
in the test for homogeneity, annual floods observed
during the early period of record will be compared
with those observed more recently.

One method, which requires only that the data be
independent, is the Mann and Whitney U-test (11).
From a flood series that is ranked in order of
decreasing magnitude, the following two statistics
are calrulated:

U= uv+ (u2)(u+1)- Ry 1
U, =uv-U, (12)
where u and v are the subsample sizes (u + v = n)

and R, is the sum of the ranks assigned to the
sample of size u. Let U be the smaller of U; and

Uy Then the test statistic T 1is defined as
follows:
T=[U- (uv/2)]/[(wv/12)(u+ v+ 1)] % ~N(©O, 1) (13)

If tied observations are present, the following
correction is made:
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C=(1/12)° -t) (14)

in which t is the number of observations tied at a
given rank and C is computed only for those tied
observations that appear in both subsamples. The
test statistic T now becomes the following:

T= [U - (w/2)]/{[uv/(n? + n)] [(@® - n)/12 - ZCI}* ~ N(O,1) (15)

For subsamples, both containing more than 20 obser-
vations, T is assumed to have the standard normal
distribution. The hypothesis that both subsamples
are from the same population is accepted at the
a-level of significance if the following condition
is met:

Tl < z¢ [1 - (2/2)] (16)

By using the data given in Table 2, subsample 1 is

Table 3. Tests to assess annual peak-flow series (1900-1979) of Colorado River
at Glenwood Springs.

Condition Test Result? Reference
Stationary Linear trend No D
Independent Serial correlation Yes 3,8,9)
Independent Turning point Yes (7, 10)
Homogeneous Mann and Whitney No an
Reliable Examination Yes @)

3Yes: does meet criteria for conventional flood frequency analysis; no: does not
meet criteria for conventional flood frequency analysis.

Figure 1. Watershed of Colorado River above Glenwood Springs.

N
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taken as the data from 1900 to 1929 (u = 30) and
subsample 2 covers 1930 to 1979 (v = 50). These
subsamples yield R, = 682, Uy = 1283, Uy =
217, and IC = 1.0. Equation 15 gives T = -5.36.
At the 1 percent level of significance z, = 2.576.
Since 1T > Zer the hypothesis that both
subsamples are from the same population is rejected.
Noting that the test for stationariness has pre-~
viously identified a significant linear trend, the
result of the Mann and Whitney U-test is expected.

Note on Reliability

The statistical methods reviewed thus far have roots
in hypothesis testing. Similar techniques, however,
are not effective for evaluating the reliability of

flood information. Although flood records always
contain inaccuracies, statistical tests are gen-
erally unable to discriminate between data vari-

ability due to chance fluctuation and data vari-
ability resulting from random error.

Nevertheless, there are several ways to screen
the flood series for suspected errors. One 1is to
compare the data against concurrent records from
nearby watersheds. This check may signal discrepan-
cies that warrant further investigation. In most
cases, data reliability is not a controlling factor
during flood frequency analysis (4).

Summary of Data Tests

Statistical methods have been presented to test an
annual flood series for three properties: sta-
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Table 4. Transmountain diversions from Colorado River and tributaries

upstream of Glenwood Canyon.

Diversions Year Origin Destination

Ewing Ditch 1880 Piney Creek Arkansas River

Grand River Ditch 1892 Colorado River Cache La Poudre River

Berthoud Pass Ditch 1909  Fraser River West Fork Clear Creek

Boreas Pass Ditch 1914 Indiana Creek Tarryall Creek

Fremont Pass Ditch? 1929  Tenmile Creek Arkansas River

Columbine Ditch 1931 Eagle River Arkansas River

Wurtz Ditch 1932 Piney River Arkansas River

Moffat Tunnel 1936  Fraser River South Boulder Creek

Eureka Ditch 1940  Colorado River Big Thompson River

Gumlick Tunnel 1940  Williams Fork River South Boulder Creek

Adams Tunnel 1947 Lake Granby Big Thompson River

Hoosier Pass Tunnel 1952 Blue River Middle fork of South
Platte River

Roberts Tunnel 1963 Dillion Reservoir North fork of South
Platte River

Homestake Tunnel 1967 Eagle River Arkansas and South
Platte Rivers

Vidler Tunnel 1971 Montezuma Creek Clear Creek

ADiscontinued in 1943.

Table 5. Reservoirs from Colorado River or tributaries upstream of Glenwood
Canyon.

Usable Storage  Year Storage Operating
Reservoir (acre-ft) Began Location Agency
Ralston 11 000 1937 East slope DWB?
Marston 17 000 1939 East slope DWB
Williams Fork 97 000 1939 West slope DWB
Green Mountain 147 000 1942 West slope WPRSP
Shadow Mountain 18 000 1947 West slope WPRS
Lake Granby 466 000 1949 West slope WPRS
Horsetooth 144 000 1951 East slope WPRS
Willow Creek 10 000 1953 West slope WPRS
Carter Lake 113 000 1954 East slope WPRS
Gross 43 000° 1955 East slope DWB
Montgomery 5000 1957 East slope ccs?
Dillion 254 000 1963 West slope DWB
Homestake 43 000 1967 West slope CcCs
Strontia Springs 8 000 - East slope DWB
Piney 40 000 £ West slope ~ DWB
Eagle-Colorado 350 000 S West slope  DWB
Two Forks 860 000 f Eastslope  DWB,
WPRS
2 Denver Water Board. d(.'l!r of Colorado Springs.
Water and Power Resources Service. Under construction.
To be increased to 113 000 sere-ft. Proposed.
tionariness, independence, and homogeneity. Results

of the tests applied to the annual peak-flow series
of the Colorado River at Glenwood Springs are sum-—
marized in Table 3. The references cited in Tahle 3
demonstrate similar applications of other statisti-
cal tests available to aid practitioners involved in
flood frequency analyses.

Results of the tests for stationariness and
homogeneity reveal +that conventional methods of
analysis are not suitable for flood frequency deter-
minations of the Colorado River at Glenwood
Springs. BAnalysis of these data requires a tech-
nique that is sensitive to the sequential arrange-
ment of the annual peak-flow series. This technique
is known as time-series analysis. Before this
methodology is presented, it is necessary to review
the processes that affect the stream flow of the
Colorado River above Glenwood Springs.

ANATOMY OF WATERSHED

Basin Description

From its headwaters high along the Continental
Divide in Rocky Mountain National Park, the Colorado
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Figure 2. Transmountain diversions from Colorado River watershed above
Glenwood Springs.
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Figure 3. Annual peak flows of Colorado River at Glenwood Springs.

40 T T T T T
<
2
L
S 30} ]
e
o
=
o
=
w 20 F .
X
<
w
o
-
S
2 10| E
4
<
0 1 1 L L 1
1900 1920 1940 1960 1980

WATER YEAR

River flows southwest approximately 130 miles to
Glenwood Canyon. Along this reach, as shown in
Figure 1, five major tributaries--the Fraser,
Williams Fork, Piney, Blue, and Eagle Rivers--join
the Colorado River and contribute to a drainage area
of 4560 miles?.

Rugged snow-capped peaks, some rising more than
14 000 ft, frame the eastern boundary of the water-
shed. Below the headwaters, rolling alpine meadows
yield to subalpine stands of aspen and conifer that
make up extensive tracts of national forest. Drain-
age geomorphology evolves from intermittent streams
of snowmelt cascading down glacial cirques to peren-
nial meandering rivers flowing through broad U-
shaped valleys. Although summer thunderstorms may
cause appreciable flows on tributary reaches, annual
peak flows on the Colorado River result from snow-
melt runoff during the spring.

Diversions and Storage

The majority of Colorado's population live on the
plains along the eastern foothills of the Rocky
Mountains. In this arid region the water supply is
not sufficient to support the demands of agricul-
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Figure 4, Granby Reservoir, 1979 annual operating plan.

Figure 5. Annual peak flows of Colorado River at Granby.
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tural, industrial, and municipal interests. To

supplement the stream flow of the eastern-slope
rivers, snowmelt runoff from the Colorado River
watershed is diverted through the Continental Divide
to the eastern plains. The transmountain diversions
that operate above Glenwood Canyon are given in
Table 4.

The annual hydrograph of the Colorado River
exhibits pronounced seasonality. During months of
low stream flow, it is impossible to meet demands
for transmountain water. To help ensure a reliable
supply, a network of storage reservoirs has been
constructed (Table 5). Note that the reservoirs
located east.of the Continental Divide receive water
from the Colovado River via one or more of the
diversions listed in Table 4.

The projects shown in Tables 4 and 5 demonstrate
that development of water resources in the Colorado
River watershed has proceeded at a rapid pace,
especially during the past 50 years. This point is
substantiated further in Figure 2, which shows the
annual volume of water exported from the watershed
since 1914. Plans for additional storage reservoirs
testify that inevitable future development along the
eastern foothills will increase demands for trans-
mountain water, and hence the trend in Figure 2 is
expected to continue.
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Streamflow Records

The Colorado River at Glenwood Springs has been
monitored since 1900 by the U.S. Geological Survey.
A time-series plot of the annual peak flows of the
river is shown in Figure 3.

Resgervoir Operation

A distinct feature of Figure 3 is the downward trend
of the annual floods, particularly evident since the
1930s. Recall that the test for stationariness has
indicated that this negative trend is statistically
significant--that is, the trend cannot be attributed
only to chance variation. This trend is 1likely the
result of man-made river controls. It would be
difficult to isolate and quantify the impact of each
transmountain diversion and storage reservoir on the
annual peak-flow series. Although it is not the
intention of this paper to provide such an account,
a brief description of the runoff and water-exchange
system is included.

The primary objective of the reservoir network is
to smooth out the seasonal fluctuations that charac-
terize the hydrograph of the Colorado River and its
headwater tributaries. To exploit the time-tran-
sient availability of water, reservoir operation is
synchronized closely with the annual cycle of snow-
melt runoff. 1In practice this means that the usable
storage of each reservoir typically reaches its
lowest level of the year just prior to the time of
peak runoff. The depleted storage levels, which
result from reservoir releases to downstream users
and to transmountain diversions during periods of
low stream flow, are replenished during the peak
snowmelt season. Thus, annual operation of the
reservoir network is a repeated pattern of water
storage and water release during periods of high
flow and low flow, respectively. A typical example
appears in Figure 4 (12).

It should be emphasized that the timing of the

reservoir filling operation guarantees maximum
impact of the annual peak flows of the Colorado
River at Glenwood Canyon. Of course, reservoir

releases to the Colorado River are necessary to
honor downstream senior water rights or to satisfy
minimum required stream flows. However, these
releases occur during periods of low snowmelt and
consequently do not affect the peak flow of the
river.

Significant changes in the characteristics of the
annual peak-flow series are inevitable consequences
of stream flow regulation. For example, consider
the regulatory effect of Granby Reservoir, which has
been in operation since 1950. As shown in Figure 5,
this date coincides with an abrupt change in the
sequence of annual peak flows at this site. The
impact of Granby Reservoir is demonstrated further
with the data given below:

Before During
Statistic Regulation Regulation
Year 1934-1949 1950-1979
Mean (ft?/s) 2200 300
SD (fti/s) 550 470

In summary, the construction of numerous storage
reservoirs and transmountain diversions has signifi-
cantly altered the virgin conditions of the Colorado
River watershed above Glenwood Canyon. These water
projects appreciably affect the annual peak dis-
charge of the Colorado River. Therefore, a flood
frequency analysis of the annual flood series must
consider the impact of historical development within
the watershed.
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Figure 6. CMA of annual peak flows of Colorado River at Glenwood Springs.
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Figure 7. Linear-trend fit to regulation-period annual peak-flow series of
Colorado River at Glenwood Springs.
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OPTIONS FOR ANALYSIS OF REGULATED ANNUAL PEAK FLOWS

Reservoir-Simulation Approach

One method used to estimate frequencies of regulated
peak flows is to route the entire historical runoff
record through the reservoir system and then analyze
the outflows by graphical techniques (13). This
method requires a watershed model capable of simu-
lating the annual operation of all existing and
proposed reservoirs. At present, no watershed model
has been developed fnr the Colorado River upstream
of Glenwood Canyon. Consequently, this approach is
not a practical option for estimating flood frequen-
cies of the Colorado River.

Time-Series Approach

Another method that does not require reservoir
modeling but instead deals directly with the ob-
served sequence of annual peak flows is time-series
analysis. In the time-series approach, each value
of the flood series is considered to be a combina-
tion of a deterministic component and a random, or
stochastic, component. The deterministic component
represents the linear trend in the series. This
trend has been shown to reflect two peculiar proper-
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ties of the data--nonstationariness and serial
correlation. The basic strategy of time-series
analysis, then, is to remove the deterministic trend
and dinvestigate the properties of the residual
stochastic components. If the stochastic residuals
satisfy the data assumptions needed for flood fre-
quency analysis, they can be used to obtain flood
frequency estimates of the Colorado River.

TIME-SERIES ANALYSIS

Preregulation and Regulation Pericds

In Figure 6, superimposed on the annual peak flows
of the Colorado River at Glenwood Springs is a
sequence of solid circles that represents the cumu-
lative moving average (CMA) of the series. The CHMA
for any given year is equal to the average value of
all annual floods that have occurred from 1900
through that particular year. The CMA sequence
reveals that since 1930 there has been a progressive
decrease in the mean value of the annual peak-flow
series. For the purposes of this time-series analy-
sis, the annual peak-flow record is separated into
two periods--preregulation and regulation. Consid-
ering the scenario of develeopment within the water-
shed and noting the trend of the CMA, the preregula-
tion period is designated by the years 1900-1929 and
the regulation period by the years 1930-1979.

A shortcoming of many flood frequency studies is
a lack of data. In this case, however, the central
issue concerns the representativeness of the data.
As documented earlier (Figure 5), reservoir regula-
tion can appreciably alter the characteristics of
the annual flood series. Therefore, in order to
better reflect conditions of the watershed that
today influence the stream flow of the Colorado
River at Glenwood Canyon, the time-series analysis
treats only the regulation series.

Quantifying the Trend

Each peak-flow value of the regulation series is
assumed to be composed of two parts—--a deterministic
component and a stochastic residual, which 1s staled
mathematically as follows:

q=d+£ 17
where

q = annual peak flow,
d = deterministic component, and
E = stochastic residual.

The stochastic residuals constitute the portion of
the regulation series attributed to chance varia-
tion. These residuals are assumed to be stationary,
independent, and homogeneous random variables. The
deterministic components represent the portion of
the series described by any long-term trend. By
definition, the outcome of a deterministic process
is known for any appropriate input. Hence, the
magnitude of the deterministic component is speci-
fied whenever its chronological position in the time
series is given.

Following the same reasoning offered in the test
for stationariness, the trend is assumed to be a
linear decrease in the mean value of the regulation
peak-flow series. By using least-squares regres-
sion, the detexministic linear trend of the regula-
tion series is as follows:

4 =16017-(172.2); (18)

where t; is the year minus 1930 and r is 0.54.
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Figure 8. Adjusted regulation-period annual peak flows of Colorado River at
Glenwood Springs.
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Table 6. Statistics for regulation-period annual peak flows (1930-1979) of
Colorado River at Glenwood Springs.

Sample Stochastic Adjusted
Statistic Peak Flow” Residual® Peak Flow®
Mean (ft3/s) 11 800 0.00 11 500°
SD (ft*/s) 4 690 3950 3950
Skewness 0.21 0.06 0.06

) inear trend present. bLinear trend removed. CAssigned value.

This trend is shown as the straight line that
extends from the year 1930 through 1979 in Figure
7. The test statistic given in Equation 4 indicates
that the slope of this 1line is different than zero
(a =1 percent) and hence confirms the importance
of the negative trend in the regulation-period
annual flood series.

Removing the Trend

The stochastic residual is deduced as the difference
between the observed peak flow and the deterministic
component for each year of record or as follows:

E=q=d; (19)

Substituting Equation 18 into Equation 19 gives this
equation:

£ =q +(172.2) - 16 017 (20)

The series of stochastic residuals has the following
characteristics:

£=0 (21)
sp = (1 - 12)%(sy) (22)
where

E = mean of stochastic residuals,
sg = SD of stochastic residuals, and
S¢ SD of regulation-period annual floods.

In Equation 22, r? is the coefficient of determi-
nation of the linear regression and represents the
percentage of s, that is explained by the
linear deterministic trend. The remaining, or
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unexplained, variance of the annual floods in the
regulation series is attributed to the variance of
the stochastic residuals.

SD of the regulation-period annual floods is as
follows:

5 = 4690 ft3/s 23)

SD of the stochastic residuals is found by substi-
tuting Equation 23 and the correlation coefficient
of Equation 18 into Equation 22:

s = 3950 ft3/s 24

Comparison of Equations 23 and 24 shows that removal
of the deterministic component causes a substantial
reduction in the SD-value. This result is expected
since a measurabhle portion of the total variance of
the regulation series is contributed by the determi-
nistic trend.

The mean value of the regulation-period annual
floods is as follows:

T = 11800 ft%fs 25)

However, Equation 21 shows that the residual series
is centered about zero. BAccordingly, some values of
the residual series are negative. This is apparent
by noting that about half the regulation-period peak
flows are located below the linear trend in Figure 7.

Because some of the stochastic residuals are
negative, they should not be interpreted as annual
peak flows or be used in a flood frequency study.
To remedy this condition, a representative mean
annual peak flow must be selected and added to each
value of the stochastic residual series. There are
no equations to help redefine the representative
mean annual peak flow. Instead, the decision is
subjective. Specification of the mean annual flood
must be tempered with an understanding of the condi-
tions that prevail during times of peak runoff. At
the high extreme, the value of 11 800 ft®/s given
in Equation 25 could be used and thereby preserve
the mean peak flow of the regulation series. At the
low extreme, extrapolation of the least-squares
regression (Equation 18) shows that the mean peak
discharge could approach zero cubic feet per second
by 2020. The compromise is somewhere between these
limits. Although future development within the
watershed is planned (Table 5), it is unlikely that
the future pace will continue at the past rate.
Hence, extrapolation of the regression line probably
does not offer a reliable indication of the future
mean peak flow. Besides, other factors too compli-
cated to be described by linear regression (e.g.,
downstream water rights and minimum required reser-
voir releases) will prevent the mean peak flow from
approaching zero cubic feet per second. It seems
more realistic, therefore, to select a value closer
to the upper 1limit of 11 B00 ft3/s. Wow, if we
consider that the I-70 project through Glenwood
Canyon is scheduled for completion in the mid-1980s
and note that additional upstream reservoirs are not
planned for completion until the 1990s, a value of
11 500 ft?/s was selected as a conservative repre-
sentative mean annual flood of the Colorado River at
Glenwood Springs-.

The adjusted regulation annual peak-flow series,
obtained by adding the selected mean value of 11 500
ft'/s to each stochastic residual, is shown in
Figure 8. The statistics of the regulation peak-
flow series, the stochastic residuals, and the
adjusted regulation peak-flow series are summarized
in Table 6.
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Figure 9. Normal distrib fitted to histogram of adjusted regulation-period
annual peak flow of Colorado River at Glenwood Springs.
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Table 7. Comparison of recommended flood-frequency estimates of Colorado
River at Glenwood Springs.

Annual Estimated Flow Discharge (ft3/s)
Exceedance

Probability 1969 Study® 1979 Study®
0.50 16 000 11 500

0.02 25 000 20 000

0.01 26 500 21 000

3LP-L11 analysis of periods 1900-1968 snd 1942-1968 (5).
Time-sedies analysis of 1930-1979 (6).

ESTIMATING FLOOD FREQUENCIES

Testing Adjusted Flood Series

The data tests outlined earlier were used to inves-
tigate the properties of the adjusted regulation-
period annual peak-flow series. Results show that
the adjusted flood series is stationary, indepen-
dent, and homogeneous. The adjusted series there-
fore qualifies for frequency analysis by conven-
tional statistical methods.

Selecting the Distribution

The general relationship for estimating flood flows
is as follows:

qp =q +kp8q (26)
where
QP = flood that has p percent chance of being
exceeded in any year,
kp = frequency factor for p percent chance
flood,
g = mean of annual floods, and
Sq = SD of annual floods.

The frequency factor is a function of the selected
exceedance probability and the distribution of the
annual floods. To obtain flood estimates of the
Colorado River at Glenwood Springs, then, it is
necessary to fit the adjusted regulation-period
annual floods to a probability distribution.

The skewness coefficient, a statistic that mea-
sures the symmetry of a data sample, is sometimes
helpful in selecting a distribution (14). Because
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the skewness coefficient of the adjusted regula-
tion-period annual floods is close to zero (Table
6), any symmetrical distribution is a reasonable
candidate for the underlying probability distribu-
tion. Two possibilities are the normal distribution
and the two-parameter gamma distribution.

The adjusted regqulation-period peak-flow series
was fitted to each distribution by the maximum-like-
lihood method (15). By using the chi-square test to
check for goodness of fit, both the normal and the
two-parameter gamma distributions were accepted
(a =1 percent) as suitable approximations for the
theoretical distribution of the adjusted regula-
tion-period annual floods. The normal distribution
was selected to represent the adjusted series be-
cause, according to the chi-square test, it provided
a slightly better fit than the two-parameter gamma
distribution did. In Figure 9 the histogram of the
adjusted regulation-period floods is shown with the

fitted normal curve.
If we substitute the statistics of the adjusted

series, Equation 26 becomes the following:
qp = 11 500 +z, (3950) 27)

in which z, 1is the standard normal deviate that
corresponds to the exceedance probability p. Equa-
tion 27 was used to estimate the flood flows of the
Colorado River needed for design of I-70 through
Glenwood Canyon. The results rounded to the nearest
thousand in units of cubic feet per second are given
in Table 7 under the heading for the 1979 study.

Discussion of Results

Thexre may be some reluctance to accept flood flows
estimated from a sample of adjusted data. Note,
however, that individual wvalues of the adjusted
regulation-period annual flood series are byproducts
of the methodology used to obtain the statistics of
the adjusted series. Therefore, any concern should
focus on the selected mean annual flood and the
computed SD rather than on specific values of the
adjusted flood series.

SD of the adjusted flood series is a direct
analytical consequence of removing the linear deter-

ministic trend from the peak-flow series. of
course, other types of trends could be investi-
gated. However, because a linear relationship

adequately describes the trend in the peak-flow
series, there is no reason to pursue other more
complicated trends that require estimation of addi-
tional regression parameters.

Although the mean value of the adjusted flood
series was determined subjectively, the selection
was based on careful consideration of existing and
anticipated conditions in the watershed. This
situation emphasizes that judgment remains an essen-
tial element in any flood-frequency analysis. For
the purpose of estimating future flood flows, the
computed values of SD and the assigned value of the
mean annual flood are more representative of the
watershed than are the statistics from the original
flood series.

The results presented in Table 7 show that peak-
flow estimates obtained with the time-series analy-
sis are substantially 1less than those obtained
previously with LP III analyses. The time-series
approach was able to recognize and to treat the
impact of reservoir regulation on the annual peak-
flow series of the Colorado River. Therefore, the
results of the time-series analysis more closely
reflect the present-day character of the Colorado
River at Glenwood Canyon.
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CONCLUSION

Conventional methods of flood frequency analysis
often are not suitable for watersheds in which
conditions are changing with time. For such cases,
a versatile alternative 1is time-series analysis,
which considers the magnitude, the £frequency, and
the sequential order of the flood data. The time-
series approach is formulated to reflect the factors
and circumstances that significantly influence peak
flows. Consequently, resulting flood estimates are
representative of prevailing watershed conditions.
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Dynamics Approach for Monitoring Bridge Deterioration

H.J. SALANE, JW. BALDWIN, JR., AND R.C. DUFFIELD

In junction with a fatigue test of a full-scale in situ three-span highway
bridge, an investigation was undertaken to the use of changes in
dynamic properties of the bridge as a possible of detecting str |
deterioration due to fatig in the girders. Cyclic-loading tests (tran-

sient and steady-state) were conducted to determine the changes in dynamic
properties. The loading was imposed by a moving-mass, closed-loop electro-
hydraulic actuator system. Several different dynamic tests were employed in
the investigation to determine the modal viscous damping ratios, stiffness,

and mnchamml impedance of the bridge at selected intervals during the fatigue
load sti ission sensors were also used to monitor the growth of
fatiguu cracks in the girders. The results show that changes in the bridge stiff-
ness and vibration signatures in the form of mechanical-impedance plots are

indicators of structural deterioration d by fati Stiffness coefficients
were calculated from the experimental mode shapes on the basis of a multi-
degree-of-freedom system that uses modified coupling. The ge reduction

in stiffness was approximately 20 percent. This reduction was attributed to
the combined deterioration of the bridge deck and steel girders, Mechanical-
impedance plots were made from frequency-sweep tests, which included five
resonant modes. Early changes in the mechanical-impedance plots were re-
lated to the deterioration of the bridge deck. Subsequent changes in these
plots correlated with the fatig king in the steel girders. An evaluation of
the acoustic emission data showed that the sensors were able to detect the
rapid critical crack growth in one girder.

At this time there is a substantial amount of re-
search under way on the techniques used for monitor-
ing structural deterioration. The types of tech-
niques may be broadly classified under the following
categories--nondestructive-testing methods and

vibration-response methods. Much of the recent
development in wvibration-analysis techniques for
monitoring structural integrity (1-4) stems from the
needs of the offshore industry.

In general, nondestructive-testing procedures can
be time-consuming and costly. This becomes evident
when the structures are large, such as multispan
bridges and offshore platforms. Nonetheless, the
nondestructive tests that involve ultrasonic
examinations and visual inspection are two of the
most effective means of locating deterioration in a
structure. As a consequence of the cost and time
involved to accomplish nondestructive tests, alter-
native methods that will reduce the frequency of
these tests are desirable.

Typically, a vibration-response method employs
accelerometers to measure the response of the struc-
ture from either envirommental forces or applied
excitation forces. The data are analyzed to estab-
lish prescribed dynamic system parameters. Any sig-
nificant changes in subsequent evaluations of these
parameters are interpreted as fatigue damage in
structural members or foundation settlement. In
this approach to monitoring, vibration-response data
provide a surveillance of the structure on a broad
basis.

Many of today's highway bridges have a multitude
of welded connections and details. These weldments
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contain microscopic flaws from which cracks may
initiate and propagate under service loading.
Visual and ultrasonic examinations have shown that
welded steel-girder bridges are prone to fatigue
cracking. When a three-span continuous composite-
girder highway bridge in Butler County, Missouri,
was scheduled for removal, an in situ fatigue test
to destruction of the full-scale structure was pro-
posed. The aim of the study was to document the fa-
tigue behavior of the bridge and to relate this be-
havior to the design specifications £for highway
bridges of the Bmerican Association of State Highway

Officials (AASHO).
Another objective of the study was to evaluate

several vibration-response methods for monitoring
structural deterioration. This paper describes the
evaluation of the following vibration-response
methods : (a) transient, frequency-response, and
sweep tests for the properties of an equivalent
l-degree-of -freedom (d4f) model, (b) steady-state
normal mode tests for the properties of a multi-df
model, and (c¢) acoustic emission measurements of fa-
tigue-crack growth. Previous publications (5,6)
contain a description of the instrumentation and
data evaluation. For completeness, some material
from the earlier publications is included in this

paper.
DESCRIPTION OF TESTS

Four sets of dynamic tests were conducted on the in
situ bridge. The first set was performed prior to
initiating the fatigue tests. After 95 000 and
215 000 fatigue cycles, the fatigue test was inter-
rupted and the second and third sets of dynamic
tests were conducted. The fourth set of tests was
performed at 377 000 fatigue cycles after the south
interior girder had fractured at midspan.

In addition to the dynamic tests, 14 sets of
acoustic-emission measurements at 8 locations on the
girders were recorded without interrupting the fa-
tigue test.

TEST BRIDGE

The two-lane, three-span [22, 28, and 22 m (72, 93,
and 72 ft)] continuous composite-girder bridge was
designed in 1962 in accordance with 1961 AASHO
specifications for one-lane H15-44 loading. Prin-
cipal features of the bridge are shown in Figure 1.
Four flange girders of ASTM A-36 steel 76 em (30 in)
wide cover-plated over the main piers supported a
15-cm (6-in) concrete slab designed for composite
action in the positive-movement regions. The slab
concrete had a 28-day compressive strength of 36.3
MPa (5.27 ksi). Shear connectors were C4x5.4 chan-
nels 159 mm (6.25 in) long fillet-welded to the top
flanges of the girders except in the cover-plated
regions over the piers. The abutments and piers
were supported by precast concrete piles driven to a
minimum capacity of 0.285 MN (32 tons) in sand.

VIBRATION GENERATOR

Excitation force for all dynamic tests was supplied
by a closed-loop electrohydraulic actuator system.
Steel plates that weighed 4973 N (1115 1b) were at-
tached to the top of the piston rod of the actua-
tor. The actuator was mounted in the vertical posi-
tion at designated stations on the upper side of the
bridge deck. Locations of the actuator for the
dynamic tests were at stations (Figure 2) 17, 16, 5,
and 4 for the first bending mode, first torsional
mode, second bending mode, and the sweep tests, re-
spectively. During all the tests the maximum ac-
celeration of the bridge deck was less than 0.7 g.
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The basic closed-loop system provided stroke and
sinusoidal frequency control of the motion of the
actuator. The excitation force was prescribed by
controlling the relative acceleration of the moving
weight with respect to the base of the actuator in a
secondary control loop.

INSTRUMENTATION

Piezoresistive accelerometers that had a rating of
25 g were used to establish the relative accelera-
tion of the moving weight and thereby control the
excitation force that was applied during the dynamic
tests. Servo accelerometers hased on the Q-flex de-
sign with a range +15 g were used to measure the
vertical accelerations of the bridge at prescribed
locations, which had been designated as stations, on
the underside of the bridge. These stations are
shown in Figure 2. Signals from the accelerometers
were filtered with low-pass electronic filters set
at 10 Hz.

DATA ACQUISITION

The primary data-acquisition system for the dynamic
tests was an analog-to-digital converter and a tape
transport. During the tests, the data channels were
automatically scanned, sampled, and digitized at a
prescribed rate of 70 or 100 times per second. The
tape-transport unit wrote 12-bit data words into a
nine-track magnetic tape at a density of 800
bits/in. For a backup data acquisition system, a
light-heam multichannel strip-chart recorder was
used to obtain an analog record of the test data.

TEST PROCEDURES

In the bridge test, each set of dynamic tests was
made up of the following vibration-response tech-
niques: (a) transient test, (b) frequency-response
test, (c) sweep test, and (d) steady-state normal

mode test.
For the transient, frequency-response, and normal

mode Lests, each test was conducted at three pre-
scribed resonant frequencies of the bridge. The
frequencies were associated with the following ex-
perimentally determined vibrational modes: (a)
first (lowest) bending, (b) Ffirst (lowest) tor-
sional, and (c) second bending. These modes were
designated B1J, T1J, and B2J, respectively, in which
J refers to the test set numbers, i.e., J =1,2,3,4.

Transient Test

In the transient tests the bridge was excited to a
steady-state condition at the frequency that cor-
responded to the prescribed mode. Then the hy-
draulics to the actuator was turned off. This pro-
duced a transient decaying response motion in the
bridge. Thirty seconds of acceleration-response
data were recorded at stallons 17, 16, and 5 for
modes Bl, Tl, and B2, respectively. Data from these
tests were used to establish the damping ratio ¢
from the log decrement curves.

Frequency-Response Test

The frequency-response tests were conducted to es-
tablish the frequency-response curves for each of
the three vibrational modes. Response data for
these curves were recorded at 30 increments of fre-
quency. By this procedure a frequency range of +0.2
Hz about the resonant frequency was covered. The
bridge was allowed to reach a steady-state response
condition at each increment of frequency prior to
recording the accelerations at stations 5, 17, and
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Figure 1. Test bridge. AISC BEAM SIZES im=328 FT.
W 30X99 W30X99  W30X99 | _yrrpion cinoer
W30X99 W30X108 W30X99 | |\ \TERIOR  GIRDER
16.5m 12.2m 7.5m
T e e e e e e e e e e e
 — i i | § 1+ Az i = i § : ) L " | : | 1 i
8] 6] (8] N O
\ \FIELD SPLICE r
COVER PLATE
22.0m 28.4m | 22.0m
1
ELEVATION
. = ¢ PIER &
" " ' o
o o 4.1m ' 4.1 m i ©
H 6.7 m ': a =
| | ! -
: T

COMPOSITE SLAB

NT

COVER PLATE

W30X95 W30X108
(2.03m |2.03m | 203m | 0.31 X 0.016 m  0.31 X0.019m
t 1 T il PLATE PLATE
SECTION
Figure 2. Accelerometer 4‘
stations on bridge. €
w0
© f- sat55m —f— 6a473m 4a155m
R o e o
i : EXT
—-f— +3 46 9 : w12 +I5 +18 +2! +24 : +27 +30 +33 GIRDER
]
£ ! |
- 1]
'.'_: 2 +5 +8 | 41 -4 117 r20+23 | re2e+29 32 [ —i
~ | 4 :
4 M A o ¥ Sioowis By dam sl +25 +20 +31 || EXL
E ! GIRDER
WEST WEST EAST EAST
ABUTMENT PIER PIER ABUTMENT
Im=328 FT

stations 4, 16, and
and stations 5, 14,

29 for the first bending mode;
28 for the first torsional mode;
and 29 for the second bending mode. A constant ex-
citation force was maintained during all tests.
Response data were recorded for each frequency range
beginning at the low end of the frequency range and
increasing the frequency for each successive incre-
ment. Subsequently, the test was repeated beginning
at the high end of the frequency range and decreas-
ing the frequency for each successive increment.
Data from these tests were used to calculate the
damping ratio g by the half-power-bandwidth pro-
cedure.

Sweep Test

Sweep tests were performed to establish vibration
signatures for the bridge in the form of mechanical
impedance graphs. The frequency range of the sweep
covered the lowest five experimentally determined
resonant frequencies. A linear sweep rate of 0.02
Hz/s for a sine-wave excitation was used, and the
test was initiated at the low end of the frequency
spectrum. Continuous-response acceleration data
were recorded at stations 4, 9, 15, and 30 during a
3-min time interval.

Normal Mode Test

Steady-state normal mode tests were conducted at
each of the three resonant frequencies. One servo
accelerometer was used as a fixed reference while
the other accelerometer was moved from station to
station to capture the response data. A minimum of
1024 data points was recorded at each station to es-
tablish the amplitude and phase of the steady-state
motion with respect to the reference station. For
the purpose of these tests the acceleration response
was measured at 22 stations on the underside of the
bridge. Bll 11 stations that were along the south
exterior girder and all 11 stations along the north
exterior girder were wused. Stations along the
centerline of the bridge were not used. From the
test data, damping and stiffness coefficients of the
bridge were calculated.

Acoustic-Emission Test

Eight acoustic-emission sensors were also used to
monitor the growth of fatigue cracks in the steel
girders during the fatigue test. State-of-the-art
acoustic-emission equipment, which was readily
available, was employed for this purpose. Each
sengor was clamped to the bottom flange of a steel
girder within 15 cm (6 in) of the end of a cover
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plate. Sensors 1, 2, 3, and 4 were located in the
west end span on the south exterior, south interior,
north interior, and north exterior girders, re-
spectively. Sensors 5, 6, 7, and 8 were located in
the east end span on the south exterior, south in-
terior, north interior, and north exterior girders,
respectively. In operation, the sensors were in-
dividually monitored by manual switching. Fourteen
sets of data were recorded during the course of the
fatigue test. BAn amplitude count of acoustic emis-
sion per second over a 150-s interval was plotted
versus time on an XY-recorder. In a time interval
of 150 s, the bridge underwent approximately 300
cycles of vibration. The analog acoustic emission
signals were amplified with gains that ranged from
72 to 82 dB. The resonant frequency of a sensor was
230 kHz, and an electronic filter was set to band-
pass frequencies in the range of 100-400 kHz.

Acoustic-emission monitoring was initiated when
the bridge had accumulated 56 000 fatigue cycles.
At the outset of monitoring there appeared to be a
repetitive noise in the emission signal when the
center span of the bridge was in its most wupward
position. This noise was attributed to the wvibra-
tion generator. Consequently, the acoustic-emission
count was inhibited over that part of the vibration
cycle. After 315 000 fatigue cycles, the inhibit
circuitry was disconnected because of a malfunction
in the electronics.

DISCUSSION OF RESULTS

The results from an evaluation of the data are pre-
sented to provide comparison of the various vibra-
tion-response methods. Lindner (5) and Brady (6)
have provided a mathematical development of the
equations used in the data evaluation.

Transient Test

On the basis that the bridge was excited in a single
mode, the logarithmic-decrement method was applied
to the decaying response data to determine the damp-
ing ratio r as a function of the number of free
vibration cycles. Figure 3 illustrates the varia-
tion in g during a 35-cycle interval for test 2.

An alternate approach was adopted to evaluate the
damping in tests 3 and 4 due to the multifrequency
components that were observed in the transient-re-
sponse data. Damping ratios were ohtained by trans-
forming the data from the time domain to the fre-
quency domain. This procedure effectively separates
the multifrequency components and is based on the
properties of the discrete Fourier transform. Damp-
ing ratios for three modes in the four tests are
listed in Table 1. The damping values for all three
spans in each mode are consistent. It is also ap-
parent that the damping increased from test 1 to
test 2 and then decreased in tests 3 and 4.

Fraquency~Response Tests

Analog data from the frequency-response tests were
filtered by means of a 10-Hz low-pass filter prior
to the analog-to-digital conversion. However, be-
cause of other frequency components in the response,
the digital data were further filtered by a fast-
Fourier-transform technique in order to isolate the
amplitude of the response at each specific frequency
increment. Figure 4 illustrates response graphs for
the first bending mode, test 3. On the basis of the
half-power bandwidth, the values of ¢ that were
calculated are listed in Table 2. Although there is
a variation in the damping values between each span
and for each set of tests, the range of ¢ is con-
sistently between 1 and 3 percent. The damping
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ratios reported in Tabhle 2 are average values from
the data ohtained when the test was initiated at the
low end of the frequency range and then subsequently
repeated beginning at the high end of the frequency
range.

Sweep Test

Mechanical impedance is defined as the ratio of the
excitation force to steady-state velocity for sinu-
soidal motion. The resulting ratio is a complex
quantity that may be represented by a magnitude and
phase angle. If the force is applied at one 1loca-
tion on the structure and the response velocity is
determined at another location, the ratio is re-
ferred to as transfer impedance. However, if the
force and velocity are located at the same place in
the structure, the ratio is referred to as driving-
point impedance. Minimum points on the mechanical
impedance graph are associated with a resonant fre-
quency of the structure. At resonance the phase
angle between the excitation force and the response
velocity is zero (or 180 degrees). Maximum ordi-
nates on the impedance graph are called antiresonant
points.

The intent in the sweep test was to maintain a
constant force level throughout the frequency
range. However, the amplitude controller was not
able to maintain this condition at the high end of
the frequency range. For a linear elastic system
the mechanical impedance is independent of the ex-
citation force. The frequency-response test data
did not exhibit the jump phenomenon in the vicinity
of the resonant response, which would have been an
indication of nonlinear behavior. Thus, the assump-
tion that the bridge was a linear elastic system was
reasonably valid.

Figures 5 and 6 illustrate the wvariation in
driving-point and transfer impedances for tests 3
and 4. A notable change in the impedance occurred
between tests 1 and 2. The resonant frequencies de-
creased and the magnitudes of the impedance in-
creased. This increase implies that the equivalent
damping increased. The reduction in resonant fre-
quencies was associated with the deterioration of
the bridge deck.

The change in impedance between tests 2 and 3 was
minimal. However, the lower resonant frequencies
increased slightly, which was unexpected. The
largest variation in impedance between tests 3 and 4
occurred at the higher resonant frequencies. Test 4
was conducted after the fracture had occurred in the
south interior girder at the midpoint in the center
span.

Normal Mode Test

Four sets of normal mode tests at three resonant
frequencies were performed to evaluate the stiffness
and damping properties of the bridge as the fatigue
test progressed. A spectral analysis of the data
revealed a harmonic component in the first-hending-
mode data from tests 3 and 4. Figure 7 illustrates
that the amplitude of the harmonic increased between
tests 3 and 4. The harmonic in test 4 was antici-
pated because of the fracture in the girder. 1In the
first bending mode the fracture was located at a
point of maximum deflection, whereas in the second
bending mode the fracture was located at a point of
zero deflection (i.e., a vibrational node). How-
ever, in the torsional mode, the fracture was lo-
cated at a point of one-half the maximum deflection,
but the spectrum of the torsional data did not re-
veal any harmonics.

In order to establish the amplitudes for the mode
shapes, all data were digitally filtered by an ex-
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Figure 3. Damping ratio from logarithmic-decrement method.
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Table 1. Damping ratios and frequencies determined by Fourier-transform
decay method.

Damping Ratio (% critical)

by Span
Test No. Frequency (Hz) East Center West
First Bending
1 2.92 (2.90)2 1.0 1 1.0
2 2.66 (2.73) 2.6 2.5 25
3 2.67 2.2 2.2 2.1
4 2.49 2.9 - 2.5
First Torsion
1 3.62 (3.60) 147 1.6 17
2 3.34 (3.42) 33 3.3 -
3 311 32 8.1 3.0
4 3.19 2.6 2.1 247
Second Bending
1 4.59 (4.57) 1.1 - 1.3
2 4.23 (4.28) 2.8 - 2.7
3 4.29 2.1 2.1 22
4 4.14 2.2 2.1 2.1

aNumbers in parentheses indicate damped natural frequency determined from the
time-transient response signal.

tended cosine-bell window and analyzed by a fast-
Fourier-transform technique. The spectral ampli-
tudes were also normalized with respect to the
spectral amplitudes at the reference station.

Since the bridge was assumed to have 22 df for
vertical motion and three vibrational modes were
measured, 66 equations were established to determine
the stiffness and damping properties for the ana-
lytical model from the normal mode equations of mo-
tion. Because of the limited number of simultaneous
equations, the coupling between the 22 nodes in the
analytical model was arbitrarily assumed so that the
bandwidth of the stiffness and damping matrices was
5. For the assumed coupling and utilizing symmetry,
there are 63 unknown coefficients in the 22-4f
stiffness and damping matrices. The diagonal coef-
ficients were assumed to be most significant and
were used to monitor the change in properties during
the fatigue test.

Figure 8 illustrates the relative changes in the
stiffness coefficients between tests 1 and 3 and
tests 1 and 4 for the stations on the north and
south sides of the bridge. For the most part the
reduction in stiffness coefficients was greater be-
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Figure 4. Frequency response, test 3, first bending, center span.
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Table 2. Damping ratios determined from half-power-bandwidth method.

Damping Ratio (% critical) by Span

Test No. East Center West

First Bending

1 1.59 1.54 1.60
2 1.22 1.18 1.23
3 1.44 1.38 1.43
4 2.02 1.96 2.02
First Torsion

1 2.00 1.82 1.9%
2 2.06 1.82 1.95
3 1.40 1.39 1.36
4 2.30 1.88 247
Second Bending

1 1.44 1.86 1.32
2 1.56 2.35 1.37
3 1.53 2.66 1.36
4 1.31 2.42 -

tween tests 1 and 4 than between tests 1 and 3. The
reduction in stiffness between tests 1 and 4 was
also greater for the south side of the bridge, which
correlates with the fracture in the south interior
girder. The reason for the large variation in the
coefficients for the east end of the bridge is not
known.

Acoustic~-Emission Test

When a structure is under load, elastic stress waves
called acoustic emissions are generated by plastic
deformations that occur at imperfections in the
material. These emissions can be detected by a
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Figure 5. Driving-point impedance, tests 3 and 4, west span.
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Figure 6. Transfer impedance, tests 3 and 4, center span.
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plezoelectric sensor. In the bridge tests, the ana-
log signal from the sensors was converted to an am-
plitude count analogous to the amplitude of the os-
cillations in the sensor. Essentially, the sensor
converted low=level stress waves to transient
electrical signals that corresponded to resonant os-
cillations of the piezoelectrical element. The am-
plitude count was based on a time interval the dura-
tion of which was proportional to the pecak amplitude
of the oscillations of the piezoelectric sensor ele-
ment.

The XY-graphs of amplitude versus time for inter-
vals of 150 s on an intermittent basis did not dis-
play the data in a form convenient for evaluating
probabhle crack growth in the welds and base metal
where the cover plates terminated. Hence, the am=-
plitude counts were digitized, and a mean value and
a standard deviation were calculated for each 150-s

interval.
Mean values of the amplitude count per second for

each of the 14 data sets for sensors 2 and 6 are
shown in Figure 9. These sensors were located on
the south interior girder approximately 60 ft from
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Figure 7. Spectra of first bending mode response, center span, tests 3 and 4.
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the location of the impending fracture at midspan.
Figure 10 illustrates the amplitude count for sen-
sors 1 and 8. Sensor 8 was located on the north ex-
terior girder in the east span and sensor 1 was lo-
cated on the south exterior girder in the west
span. The amplitude count for all sensors was at
its maximum at 370 000 fatigue cycles. This notable
high count was attributed to the fracture that was
probably occurring when the acoustic-emission data
were recorded. Visual observation established that
the fracture had completely severed the bottom
flange and web of the girder approximately 25 min
after these data were obtained.

Failures also occurred in the girder flanges
within 3 ft of sensors 1 and 6. Ultrasonic inspec-
tions revealed these failures after 462 000 and
453 000 fatique cycles, respectively. The maximum
nominal tensile stress due to dead load, ballast,
and inertial load at these locations was 103 MPa (15
ksi). However, the growth of fatigue cracks at
these locations was not discernible in the recorded
emission count.

SUMMARY AND CONCLUDING REMARKS

The intent of this study was to evaluate several
vibration-response methods for monitoring structural
deterioration. These methods were applied during a
fatigue test to determine prescribed dynamic proper-
ties of a full-scale bridge.

The damping ratios range between 1 and 3 per-
cent. There were indications that the damping in-
creased and subsequently decreased. The increase
may have been caused by mechanical abrasion between
adjacent surfaces in the c¢racks in the concrete
deck. Once the cracks became 1large, the abrasive
action ceased and this form of energy dissipation
was eliminated. The slipping of the guardrail con-—
nectlions and the friction in ¢the glrder support
hinges and rocker bearings also contributed to the
overall damping. During the fatigue test the varia-
tion in damping ratios was not significant from the
viewpoint of structural monitoring.

Mechanical impedance is a direct approach to es-
tablish typical vibration signatures for a struc-
ture. However, there may be a drawback to wusing
impedance as a vibration signature. Impedance
(force/velocity) has the characteristics of damping,
and damping ig the lsast-krcwn property of a struc~
ture.

Stiffness changes, in principle, are directly re-
lated to structural deterioration. Resonant fre-
quencies are also a measure of deterioration because
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Figure 8. Change in diagonal coefficients of stiffness matrix.
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Figure 9. Acoustic emission amplitude count during fatigue test, sensors 2
and 6.
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they are proportional to the square root of stiff-
ness. On the basis of an arbitrary analytical
model, a change of 20-40 percent in selected stiff-
ness coefficients was ohserved. However, there was
no apparent clue to the location of the fracture in
the south interior girder from the changes in the
stiffness coefficients for the 22-df model with its
restricted coupling. To  better simalate the
physical behavior of the bridge by coupling all 22
df would require that 12 experimental modes be
determined.

Changes in mode shapes were also indications of
structural deterioration. When mode shapes are used
for this purpose, the vibrational modes should be
selected to provide significant response of the
particular members that are being monitored. This

27

Figure 10. Acoustic emission amplitude count during fatigue test, sensors 1
and 8.
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was evident when only the first-bending-mode shape
in the bridge showed a marked change after the frac-
ture in the girder.

The relatively slow growth of fatigue cracks in
the critical fatigue regions under cyclic loading
was not discernible with the acoustic-emission setup
used in the bridge test. Extraneous noise from the
hydraulic actuator and movement of the bridge on its
supports tended to interfere with the acoustic-emis-
sion signals. Concrete undergoing permanent de-
formation also has emission signals that are higher
than those from most metals.

All eight sensors were able to detect the criti-
cal crack growth in the south interior girder. The
use of acoustic-emission sensors shows considerable
promise for monitoring structural deterioration
under dynamic service loads.
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Fatigue Cracks and Their Detection

JW. BALDWIN, JR., H.J. SALANE, AND R.C. DUFFIELD

A three-span continuous composite bridge of modern design was field tested
under fatigue loading that produced stresses equal to or greater than design
stresses. During the fatigue loading, a regular i hedule was carried
out by using radiographic, ultrasonic, and visual methods. Ultrasonic inspec-
tion was the most reliable and, in the regions inspected regularly, no cracks
are known to have grown to a length greater than 38 mm (1.5 in) before detec-
tion. Radiography was nearly as reliable as ult ic inspection where it
could be used, but more than half the material to be inspected was inaccessi-
ble to radiography. A total of 18 fatigue cracks developed at the ends of
welded cover plates and 2 fatigue cracks developed in base metal not adjacent
to welds. At 471 000 cycles of loading, these cracks had propagated far
enough to completely sever the girder flanges at five different sections. The
fatigue life in regions where the stress range was 155 MPa (22.5 ksi) was con-
siderably longer than would be predicted on the basis of current code require-
ments. However, the fatigue life in regions where the stress range was only
60 MPa (8.7 ksi) was considerably shorter than would be predicted on the
basis of current code requirements.

During the past two decades, concern about the po-
tential for fatigue failures in highway bridges has
increased dramatically. Major laboratory studies
have been carried out to determine load versus fa-
tigue-life relationships and to establish design
criteria (1,2). The design code of the American As-
sociation of State Highway Officials (AASHO) (3),
which made 1little reference to fatigue considera-
tions in the 1950s, now contains highly restrictive
fatique considerations that virtually eliminate cer-
tain types of construction. BAn intensive inspection
program has been instituted by the Federal Highway
Administration (FHWA) to evaluate the condition of
bridges that were designed and constructed before
fatigue was recognized as a serious problem.

Laboratory studies arxe by far the most efficient
and cost-effective means of determining fundamental
behavior modes in structures, but a certain amount
of extrapolation is always required when design cri-
teria for full-scale structures are developed from
laboratory data. This is particularly true in the
case of fatique because fatigue behavior is highly
sensitive to fabrication details, which are ex-
tremely difficult to model in scaled-down laboratory
studies. Thus, an occasional check of design cri-
teria through testing of full-scale structures under
controlled loading conditions 1is highly desirable.
An unusual opportunity to conduct such a test was
created when flood-control work by the U.S. Army
Corps of Engineers on the St. Francis River in
southeast Missouri necessitated the removal of a 12-
year-old highway bridge.

OBJECTIVES

The entire bridge was to be loaded cyclically at

stress levels equal to or greater than service-load
stresses until one or more girders failed. Objec-
tives of the test were twofold. First, the fatigue
behavior of the bridge was to be observed and com-
pared with both laboratory results and current de-
sign criteria.

Before loading began and periodically during the
test, the bridge was to be inspected by using sev-
eral modern crack-detection techniques. The second
objective, then, was to compare these techniques and
to evaluate the effectiveness of each. This was to
be the equivalent of inspecting a bridge every few
years for its entire lifetime under normal service
conditiong. Since small cracks missed during one or
more inspections would eventually grow into large
cracks or failures, this procedure would provide in-
formation concerning sizes and types of cracks that
are likely to be missed as well as those that are
likely to be found.

DESCRIPTION OF TEST BRIDGE

The two-lane bridge was made up of three [21.9,
28.3, and 21.9 wm (72, 93, and 72 ft)] continuous
concrete-on-steel composite—girder spans. It was
designed during early 1962 according to 1961 AASHO
specifications for one H15-44 loaded lane. [For a
general schematic of the bridge, see Figure 1 in
Salane, Baldwin, and Duffield in this Record; see
also the report by Salane and others (4).] Girders
and cover plates were of American Society for Test-
ing and Materials (ASTM) A36 steel, and the unshored
slab was cast from concrete with a 28-day compres-
sive strength of 36.6 MPa (5720 psi). Shear con-
nectors were C4x5.4 channels 159 mm (6.25 in) long
fillet-welded to the top flanges of the girders.

Channel diaphragms 460 mm (18 in) deep bent from
610x8-mm (24x0.31-in) plates were bolted to 114x9.5-
mm (4.5%x0.38-in) bearing stiffeners over the sup-
ports and to 76x9.5-mm (3x0.38-in) web stiffeners in
the spans. I'nere were two intermediate diaphragums
in each end span and four intermediate diaphragms in
the center span.

DESCRIPTION OF FATIGUE TEST

A total of 471 000 fatigue cycles were applied to
the bridge over a period of approximately five
weeks. Desired dynamic stress ranges were obtained
by exciting the bridge at its first-bending-mode
resonant frequency by using the closed-loop electro-
hydraulic shaker shown in Figure 1. This shaker
consisted of 40 kN (9 kips) of steel weights at-
tached to the top of an 89-kN (20-kip) servocon-
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the

trolled hydraulic actuator that was bolted to
girders through the deck slab at the center of
bridge. During fatigue loading, approximately 178
kN (40 kips) of concrete ballast was anchored to the
deck slab at the center of each span. This ballast
produced a mean stress on which the cyclic stress
was superimposed so as to produce a loading similar
to the application and removal of load under service

conditions.
Strain gauges were located on the top and bhottom

flanges of each girder at seven sections along the
bridge as illustrated in Figure 2. Since these sec-
tions were critical in the girders, both strain-
gauge locations and section locations were desig-
nated in terms of the section numbers and girder
numbers shown in Figure 2. A designation of 2.4B

Figure 1. Electrohydraulic shaker.

Figure 2. Strain-gauge locations.
i
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means section 2,
bottom flange-.

Additional instrumentation included deflection
gauges at the centers of all spans, gauges to mea-
sure slip between the slab and the girders, and ac-
celerometers at several locations. All strain and
deflection gauges were read and recorded automati-
cally either on punched paper tape by using a peak
detector and a 100-channel scanner or on magnetic
tape by using a high-speed analog-to-digital con-
verter.

Prior to the start of fatigue loading, the bridge
was thoroughly inspected for cracks by using all the
techniques except dye penetrant. During fatigue
loading, the test was stopped periodically for in-
spection by the various crack-detection techniques.
Inspection intervals varied from approximately
20 000 to 60 D00 cycles depending on the degree of
cracking activity that was occurring at the time.
It was possible to conduct visual and some ultra-
sonic inspection while fatigue loading was being ap-
plied, and these observations were used as a guide
in selecting the times at which the test should he
stopped for complete inspection. A complete des-
cription of the test procedure has been presented by
Baldwin, Salane, and Duffield (5).

girder 4 (north exterior girder),

FATIGUE CRACKS

Ultrasonic inspection prior to loading revealed only
one detectable flaw, and follow-up inspections dur-
ing the test indicated that this flaw did not
develop into a crack. The feasibility study for the
project indicated that the c¢ritical regions for fa-
tigue cracking would be at the ends of the bottom-
flange cover plates in the end spans, gauge sections
2 and 6.

Bottom-Flange Critical Section

Nominal stresses at these sections, including dead
load, ballast, and dynamic load, were from approxi-
mately 138 MPa (20 ksi) compression to 17 MPa (2.5
ksi) tension, or a stress range of 155 MPa (22.5
ksi). Variations from girder to girder were ap-
proximately +10 percent from these values.
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During the inspection at the end of 19 500 cycles
of load, cracks of the order of 6.4 mm (0.25 in)
length were detected ultrasonically in five of the
eight critical flange regions. After 287 000 fa-
tigue cycles, cracks had been detected in all eight
of these critical regions. These cracks did not
initiate at the toe of the weld as might have been
expected but started at the root or heel of the weld
at some point across the end of the cover plate as
shown in Figure 3. These cracks did not enter the
girder flange at this point but propagated along the

Figure 3. Crack initiation at heel of weld.
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Figure 4. Crack propagation.
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Figure 5. Cross section of flange showing two fatigue cracks.
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fusion line to the surface of the weld and across
the end of the cover plates. In most cases, they
turned the corner of the cover plate and proceeded
along the beveled edge until at some point the crack
turned into the weld metal propagating perpendicular
to the axis of the beam (Figure 4). Once the cracks
had entered +the weld material, they continued
through it into the base metal of the bottom flange
and continued to grow in the typical semielliptical
pattern. In five of the eight critical flange re-
gions, the cracks propagated into the base metal on
both sides of the cover plate, which resulted in two
separate cracks in the base metal (Figure 5).

In all therxe are 13 separate cracks that entered
the base material of the bottom flanges at the ends
of cover plates. Two of these cracks, located at
section 6.1B, propagated to failure and completely
severed the bottom flange at 455 000 fatigue
cycles. The crack on the south side at section 2.2B
propagated to a total length of 90 mm (3.5 in) at
438 000 cycles but showed no perceptible additional
growth beyond that point (Figure 5). No growth was
observed in any of the other 10 cracks beyond ap-
proximately 415 000 fatigue cycles.

In the design of ductile structures subjected to
static loads, it is normal practice to consider
stresses that result from directly applied loads and
neglect "locked-in" stresses such as cooling resid-
ual stresses and erection stresses. Under static
loading, these locked-in stresses are dissipated by
local yielding with very little effect on the gen-
eral behavior of the structure. Fatigue=-crack
growth, however, is governed by the actual stress
cycles in the zone around the tip of the crack, and
locked-in stresses are superimposed on the nominal
stress cycle in this zone. Thus the actual stress
cycle has the same stress range as the nominal cycle
but a significantly different mean stress.

It is reasonable to assume that the test bridge
contained tensile residual stresses equal to the
yield point in regions of the flanges in which fa-
tigue cracks entered the base metal from the weld.
Consideration of these residual stresses results in
the stress-cycle pattern shown in Figure 6. Both
dead load of the slab and ballast 1loads produced
compression in the bottom-flange critlcal sections
that reduced the total stress at the crack-initia-
tion points from the yield point of 262 MPa (38 ksi)
to 202 MPa (29.25 ksi). The cyclic dynamic load was
then superimposed on this mean stress and as the
amplitude built up to +77.6 MPa (11.25 ksi), the
maximum stress again reached the yield point, which
caused local yielding. This yielding relieved part
of the residual stress, which in turn lowered the
mean stress.

Mean stress at the crack tip then remained con-
stant and maximum stress reached the yield point on
each cycle as the crack propagated through the ten-
sile-residual-stress zone. As the crack propagated
from the tensile-residual-stress region into the re-
gion of =zero residual stress, the mean stress de-
creased to -60 MPa (-8.75 ksi), the sum of dead load
and ballast stresses.

A total of 13 cracks propagated in the tensile-
residual-stress zones where the mean stress was 202
MPa, but even though the stress range remained con-
stant, all except one of these cracks stopped grow-
ing when the mean stress dropped to -60 MPa. This
suggests that mean stress at the tip of the crack
must be significant in at least those cases in which
part of the stress cycle is in compression.

This observation 1s consistent with a fracture-
mechanics analysis if it is assumed that fatigue-
crack growth is governed primarily by the stress-in-
tensity range AKg. The general form of the
equation for computing Ky is as follows:
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Figure 6. Fatigue stress cycles.
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where C is a constant dependent on the geometry of
the member and type of crack, ¢ is the nominal
stress, and a is the crack length. This equation is
derived from an elastic analysis of the stress field
around the crack tip and is based on the assumption
that no stress is transmitted across the crack. As
long as the entire stress range in the vicinity of
the crack is in tension, the following holds:

AKp=CAo+/a ()]

and the mean stress does not enter into the analy-
sis. However, if the mean stress is such that com-
pressive stress is transmitted across the crack
during part of the cycle, Equation 1 becomes invalid
during that part of the cycle. In fact, there is
probably very little change in the stress intensity
during that part of the cycle when the crack is
closed.

The foregoing analysis does not account for the
possibility of erection stresses or stresses that
arise from differential settlement. Such stresses
could be either tensile or compressive, could vary
from girder to girder, and are impossible to esti-
mate accurately. If they were tensile, they would
cause immediate local yielding and no increase of
total stress in regions where initial tensile resid-
uval stresses were already to the yield point.

The total stress would remain at the tensile
yield point and stress cycles would be unaltered
during crack initiation and growth through the ten-
sile-residual-stress zone. Once the crack tip
reached the zero-residual-stress region, presence of
tensile erection or settlement stress would raise
the mean stress above the level shown in Figure 6 by
an amount equal to the erection or settlement stress.

Erection or settlement stresses algebraically
less than =17 MPa (-2.5 ksi) would lower the entire
stress pattern and force the complete stress cycle
into the compression =zone before the crack tip
reached the region of zero residual stress.

variations in the lengths at which crack growth was
arrested in different sections.

Top-Flange Critical Sections

Calculations during the feasibility study indicated
that stress ranges at the ends of the top-flange
cover plates in the end spans, gauge sections 2 and
6, would be 90-97 MPa (13-14 ksi) and that there was
the possibility of failure before 500 000 cycles.
The initial test plan therefore called for con-
tinuous ultrasonic monitoring of these regions.

Once the test load was under way, strain measure-
ments indicated that there was considerably more
composite action at these critical sections than had
been assumed during the feasibility study. Nominal
stresses under test loading were from approximately
41 to 101 MPa (6.0-14.7 ksi) tension, which produced
an average stress range of only 60 MPa (B.7 ksi).
Both the AASHO specifications and previous research
results presented by Fisher indicated a fatigue life
of nearly 2 million cycles under this low stress
range. Because of this and the fact that ultrasonic
testing was the critical activity in a very tight
testing schedule, ultrasonic monitoring of the top
flanges was discontinued.

However, at 415 000 fatigue cycles, a routine
visual inspection of the bridge revealed that cracks
approximately 150 mm (6 in) long had developed in
the top flanges of girder 1 at section 2 and girder
2 at section 6. Ultrasonic monitoring of the top
flanges at sections 2 and 6 was immediately rein~
stated, but no additional cracks in top flanges were
detected during the tests. The cracks in girder 1
at section 2 and girder 2 at section 6 propagated to
failure, completely severing the flanges at 453 000
and 462 000 cycles, respectively. After completion
of the fatigue test, the slab was removed and cracks
in the welds at the ends of the cover plates were
detected by using dye penetrant at sections 2.1A,
2.3RA, and 6.1A.

The fact that two of the eight sections subjected
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Figure 7. Detail of top-flange critical section.

AV 4%

Cax54 =

SHEAR REINFORCED
CONNECTOR CONCRETE SLAB

smm 1 mm =0.04 in L

COVER PLATE

FLANGE
WEB

A— A-

to essentially the same loading failed at less than
25 percent of the cycles permitted by the current
code is reason for concern. In addition to the mag-
nitude of stress range, there were two primary dif-
ferences between these top-flange critical sections
and the bottom flanges immediately below them. In
the top flanges, the nominal stress range was en-
tirely in the tension region; the maximum tensile
stress was 101 MPa (14.7 ksi), whereas the nominal
stress range in the bottom flanges was primarily in
the compression region and the maximum tensile
stress was only 17 MPa (2.5 ksi). The other dif-
ference was the particularly severe weld detail in
the top flange. A channel shear connector had been
fillet-welded to the base metal of the top flange
adjacent to the end of the cowver plate so that the
two fillet welds were toe to toe and slightly over-
lapped (Figure 7).

In the vicinity of the welds where the cracks be-
gan, any effect of the difference in maximum nominal
stresses hetween the top and bottom flanges would
have been negated by the fact that tensile residual
stresses would have raised the maximum stress at the
crack tip to the yield point in both cases. Thus,
any differences in crack initiation between the top
and bottom flanges must have been due to differences
in stress range and detail. It is clear that the
stress range in the tup flange was not great enough
to initiate cracks in the same way that they were
initiated in the bottom flanges. The five cracks
that did begin in the top flanges all started at the
intersection of the two fillet welds. The fact that
two of the cracks started much earlier than the
other three and that there were three top flanges in
which no cracks were detected suggests that there
were significant differences in the severities of
flaws in these regions. At section 6.2A there was a
5-mm (0.19-in) slag inclusion that apparently ini-
tiated the crack. Unfortunately, the nearly two
vears that elapsed between the end of the fatigue
test and demelition of the bridge deck permitted
severe corrosion of the fracture surfaces, and at-
tempts to identify the point of crack initiation at
section 2.1A were unsuccessful.

Because the only top-flange cracks that grew sliy-—
nificantly were quite 1large before they were de-
tected, it is difficult to draw conclusions regard-
ing the growth rates of these cracks. However, the
fatigue lives of the top flanges that did develop
cracks early were rather short for the stress range
involved. This would have been influenced some by
the size of the flaws that initiated the cracks. It
was also undoubtedly influenced considerably by the
length of the zone of high residual tensile stress.
The geometry of the weld detail was such that these
cracks would have grown in the zone of high tensile
stress in which the maximum stress at the crack tip
was equal to the yield point for more than one third
of the width of the flange.
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At 415 000 fatigue cycles, cracks at sections
6.2R, 2.1A, and 6.1B were all approximately the same
length. Even though the stress range at section
6.1B was 2.5 times those at the other two sections,
the first failure was 2.1A and all three sections
failed within a 9000-cycle period. During the
period from 415 000 cycles to failure, all three
cracks were growing in regions of hase metal in
which there was probably 1little or no residual
stress and 1little influence from weld details.
Thus, the growth rate at section 6.1B must have been
retarded by the fact that much of the stress cycle
was in compression.

Center Span

At 373 500 fatigue cycles, the bottom flange at
girder 2 failed with a loud hang at the center of
the center span. Although the stress cycles at this
section were from essentially nothing to 223 MPa
(32.3 ksi), there were no welds on the flange, and
base metal at a stress range of 223 MPa would not bhe
expected to fail until more than 1.25 million fa-
tigue cycles had bheen applied. Examination of the
fracture revealed that a fatigue crack had started
at a heat number stamped on the face of the bottom
flange (Figure 8).

A piece of the beam around the fracture was cut
out for laboratory examination and a bolted splice
applied so that the test could continue. At 470 700
fatigue «cycles, this girder fractured again at
another heat number about 102 mm (4 in) from the end
of the splice. Although girder 2 suffered two frac-
tures, no cracks were detected in the girders on
either side of this girder even though they were
both subjected to the same stress conditions and
were also heat-stamped on the face of the bottom
flange. Girder 2 was from a different heat of steel
than the girders on either side, which led to specu-
lation that there was a difference in the fatigue
resistance of these two levels of heat. However,
subsequent tests of material cut from these three
girders have shown no significant differences in
material properties. Thus, the difference appears
to have heen in the sharpness of the heat-stamp dies.

CRACK-DETECTION METHODS
Ultrasonics

During the course of the fatigue test, a total of 17
inspections were conducted by using a conventional
pulse-echo ultrasonic unit. For crack detection,
the transducer was a b5-MHz 45~degree transceiver
probe. For the initial inspection, a 5-MHz 90-de-
gree split-crystal probe was also used to locate the
channel shear connectors, which were welded to the
top of the top flange and embedded in the slab.

The initial inspection was conducted before test-
ing started and included complete inspection of both
the top and bottom flanges at the ends of the cover
plates in both the cnd and center spans. This ini-
tial inspection also included locating and marking
the ends of the cover plates and shear connectors on
the top flanges. The only flaw detected during this
inspection was in the fillet weld at the end of the
top~flange cover plate on girder 3 at section 6.
However, this flaw did not develop into a crack and
there was no noticeable change in the flaw during

the entire test.
Because bad weather had forced a very condensed

testing schedule and ultrasonic inspection proved to
be quite time consuming, subsequent inspections were
in general limited to the critical regions of the
bottom flanges around the ends of the cover plates
in the end spans. The second inspection was con-
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Figure 8. Fatigue crack initiated by heat stamp.
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ducted after 19 530 fatigue cycles. A total of six
cracks each approximately 6.4 mm (0.25 in) long were
discovered during this inspection. In every case,
the ultrasonics clearly indicated that the crack was
not at the toe of the weld, as might be expected,
but rather at the heel of the weld.

At 95 000 cycles, a total of 10 cracks had been
detected ultrasonically, but it was not until
202 000 fatique cycles that any of these cracks were
seen on the surface. Even then they could be seen
only with the aid of a dye penetrant. Visual obh-
servations by using dye penetrant indicated that in
some cases the crack in the weld was considerably
longer than indicated by the wultrasonic measure-
ment. This was due at least in part to the fact
that without special techniques there is an ultra-
sonic blind spot directly below the web of the
beam. In many cases in which two cracks were re-~
corded, one on either side of the web, they were
actually connected through this blind spot and
formed a single crack.

All these cracks were monitored for the remainder
of the test, and a complete record of crack lengths
as measured ultrasonically is presented in Table 1.
In those cases in which the cracks propagated across
the entire width of the flange, it was possible to
trace their growth ultrasonically to within approxi-
mately 2.5 mm (0.1 in) of the edge before the crack
became visible on the edge.

After completion of the test, two sections that
each contained two cracks that had stopped during
the test were cut from the bridge and separated in
the laboratory. It was then possible to compare the
actual lengths of these four cracks with the lengths
indicated by ultrasonic measurements. For two of
the cracks the ultrasonic measurements were essen=
tially correct. One ultrasonic measurement was in
error by 6.4 mm (0.25 in) and the other by 10 mm
(0.4 in).

For the critical regions at the ends of the cover
plates on the bottom flanges, the conventional
pulse-echo ultrasonic unit proved to be quite reli-
able in finding fatigue cracks under field condi-
tions. All cracks that grew large enough to be
detected visually had previously been detected ul-
trasonically when they were less than 38 mm (1.5 in)
long and 60 percent of them were detected at a
length of 6.4 mm.

Ultrasonic inspection of the critical regions at
the ends of cover plates on the top flanges was not
so successful. Because stress ranges were low in
the top flanges, ultrasonic inspection was dis-
continued early in the test and was not resumed un-
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til two cracks had been observed wvisually. of
course, the failure to detect these two cracks ul-
trasonically cannot be interpreted as an adverse
reflection on the capability of the ultrasonic in-
spection because no attempt was made to detect
them. However, subsequent ultrasonic inspections of
the other six critical top-flange regions that were
subjected to essentially the same stress historiesg
revealed no additional cracking. The cracks that
were detected by using dye penetrant subsequent to
removal of the deck were missed completely by the
ultrasonic inspection. Examination of the geometry
of the detail at this joint indicates that it is
very difficult to detect cracking at the toe of the
fillet weld, as shown in Figure 9. Under ideal con-
ditions the surface of a crack is sometimes rough
enough to reflect a signal directly back to the
transducer even though the angle of incidence is
other than zero, but under field conditions in which
the transducer must be acoustically coupled through
a painted surface that tends to be rough or irregu-
lar, it is almost essential that the signal be re-
flected either by a surface perpendicular to the
ultrasonic beam or by doubling a corner if it is to
be strong enough for detection. Thus, there is
serious doubt about the reliability of conventional
ultrasonic inspection to detect cracks in a detail
of this type.

Two undetected cracks developed and grew to com=
plete failure in girder 2 near the center line of
the bridge. Since cracking was not expected in this
region, there had been no ultrasonic inspection
prior to development of the first crack. Immedi-
ately after the first crack developed, the entire
area was scanned ultrasonically but no additional
cracks were detected. Although there was frequent
monitoring of +this region during the remaining
93 000 cycles of the test, no additional cracks were
detected ultrasonically and the final failure was by
sudden fracture of girder 2 approximately 1 m (3 £ft)
from the first fracture. The cracks leading to both
these fractures had initiated at heat numbers
stamped into the flange. After the test loading had
been stopped, these regions were again examined very
carefully by using the ultrasonic probe, but no
cracks were detected.

Dye Penetrant

Once the ultrasonic inspection indicated that cracks
in the weld were 12.7 mm (0.5 in) or more in length,
repeated attempts were made to observe these cracks
visually at the surface. When these attempts
failed, a dye penetrant was introduced to enhance
the visibility of the cracks. These attempts were
also unsuccessful until the paint was removed from
the area to be inspected. However, once the surface
was free of paint, the dye penetrant gave a vivid
indication of cracks that were previously invisible
to the unaided eye. By reapplying the dye penetrant
periodically, it was quite easy to trace the
progress of crack growth during the remainder of the
test.

Since dye penetrant is quite easy to apply and
interpretation of the results requires no special
training or skill, it would seem to be an excellent
field-inspection tool. However, for routine bridge
inspection, the removal of paint in all the areas to
be inspected would be both difficult and expensive.
It is quite 1likely that once the cracks open up
enough to crack the paint, the dye penetrant could
be used without removal of the paint. During this
test, the paint was removed from all areas soon
after the cracks had been detected ultrasonically,
and no data were recorded that would indicate how
large the crack in the base metal must be before it
penetrates the paint layer.
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Table 1. Ultrasonic crack measurements in bottom flange.
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Crack Length at Indicated Section (mm)

2.1B 228 2.3B 2.4B 6.1B 6.2B 6.3B 6.4B
Inspection Cycles
No, (000s) N S N S N S N S N S N S N S N S
1 0
2 19.5 6° 52 6? 6 6% 6
8 75.4 137 132 10 132
4 95.1 6* 62 132 6* 6% 62 6? 132 19% 187
5 215.4 6° 6* 25* 6 6 6° 6 13% 23%: 25°
6 287.0 328 33% 25 32% 38 38 38" 38 387 38* 382 337 38" 38 25
6 20 15 27
7 337.5 38 38 38% 38 38% 38% 382 387 47 46 14 27 38* 382 382
18 6 6 6 6
8 348.7 387 52 31 30
9 360.9 22 6 38 38 6 18 6 65 58 19 34 6 [ 6
10 380.0 22 11 48 69 58 19 37
11 402.1 22 15 53 38 6 18 6 74 66 20 41 38 6 6
12 415.5 22 15 71 38 6 18 6 85 83 20 44 38 6 6
13 422.5 71 89 83
14 437.8 89
15 447.9 119 108
16 455.0 89 Failure

Note: 1 mm = 0.0394 in; N = north side of flange; S = south side of flange.

aCrack between weld and end of plate; all other measurements are for cracks in base metal of girder flange.

Figure 9. Ultrasonic inspection of top flange.
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Radiography

Four sets of radiographs were taken by a commercial
testing laboratory at 0, 95 000, 215 000, and
377 000 cycles of load. A set of radiographs in-
cluded one 178x432-mm (7x17-in) film on each side of
the bottom flange of each girder at sections 2 and
6. At 0 and 95 000 cycles, the set also included an
identical series for the top flanges at sections 2
and 6. Of course, it was necessary to expose films
of the top flanges through the reinforced concrete
deck slab 152 mm (6 in) thick, and after two at-
tempts it was concluded that interference from ag-
gregate particles and reinforcing bars in the slab
would obscure and prevent detection of any cracks
that might bhe present in the top flange. Radio~
graphs of the top flanges were discontinued after
the second set. At 377 000 cycles, three additional
films were shot along each side of each bhottom
flange at the center line of span 2.

All exposures were made with a 90-curie source of
iridium 192 at a distance of 406 mm (16 in). Ex-
posure times for the bottom flanges were 30 s and
those for the top flanges were 15 min.

At 95 000 cycles, no cracks were indicated on the
radiographic examination report, whereas the ultra-
sonic inspection indicated 10 cracks that varied
from 6.4 to 19 mm (0.25 to 0.75 in) in length. At
215 000 cycles, the radlographic examination report
indicated five cracks across the ends of the cover
plates at the heel of the weld, whereas the ultra-

sonic inspection still indicated 10 cracks, two of
which were 25 mm (1 in) long. However, four of the
cracks that were detected radiographically were in-
dicated to be only 6.4 mm (0.25 in) long by the
ultrasonic inspection and had shown no growth since
the previous ultrasonic inspection. The fifth crack
had not been detected ultrasonically, and the radio-
graph showed that it had already penetrated the base
metal of the bottom flange.

At 377 000 cycles, the radiographic examination
report indicated 12 cracks in the critical regions
of the bottom flanges, whereas the ultrasonic in-
spection indicated a total of 16 cracks. Again,
there was no general trend in comparing the crack
lengths as indicated by the two methods. For some
cracks, the radiograph indicated the greater length,
whereas for others the ultrasonic inspection indi-
cated the greater length. The largest crack, which
had been observed both ultrasonically and visually
with the aid of a dye penetrant to be in excess of
64 mm in length, was not detected radiographically.

The special films exposed in the center span
covered a region of the bottom flanges approximately
610 mm (2 ft) on either side of the center line of
the bridge. No cracks were detected other than the
one complete fracture of girder 2. Unfortunately,
the region covered by these films was not guite long
enough to cover the section in which the final frac-
ture occurred approximately 93 000 cycles after
these films had been exposed.

Radiographic inspection suffers from some of the
same shortcomings that affect wultrasonic inspec-
tion. There tends to be a blind spot in the center
of the flange directly opposite the web. It is also
much easier to detect c¢racks that are oriented along
a line from the film to the radiation source. This
is because detection depends on the existence of a
significant reduction in the density of material
along the radiation line through the flange at the
location of the crack. Thus, if the crack is not
colinear with the radiation, the line intersects the
crack for only a short length and there is 1little
change in the total density of material along the
line. Cracks can be detected only if they are open
at the time the radiograph is taken.

Randomdec

The Randomdec technique of analyzing high-frequency
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vibration signatures was employed as an inspection
method by instrumenting the bridge with accelerom-
eters at 24 stations. These stations were at the
ends of the cover plates located on the top and bot-
tom flanges of the girders in the two end spans.
Two accelerometer stations were positioned in each
bottom-flange region and one accelerometer station
was positioned in each top-flange region. Detailed
results of the Randomdec analysis are presented in a
report by Reed and Cole (6).

CONCLUSIONS

Fatigue

Crack initiation, crack growth, and fracture are
distinctly different phases of fatigue failure, and
a given set of conditions may have significantly
different effects on the initiation and growth
phases. Thus it may not bhe possible to predict
total fatigue 1life accurately on the basis of a
simple relationship that involves only stress range
and type of detail.

Both the initiation and growth phases are
governed by the nature of stress cycles in a small
zone around the tip of the crack. Mean stress in
this zone has a significant effect on crack growth
and possibly crack initiation, at least in those
cases in which part of the stress cycle is in com-
pression. These effects tend to be masked by high
levels of tensile residual stress in tests of weld-
ment details. Of course, these residual stresses
are also present in prototype structures fabricated
according to current practice, but the proportion of
the cross section subjected to tensile stress is an
important parameter, which may vary considerably
from one structure to another. Finally, an under-
standing of the basic mechanisms of fatigue-crack
initiation and growth may suggest changes in current
practice that will improve the fatigue resistance of
future structures. Additional research is needed to
determine the exact stress conditions under which
fatigue cracks begin as well as the conditions under
which they propagate.

The premature failure of girder 2 at midspan
points out the potential for fatigue-crack initia-
tion resulting from the stamping of heat numbers in
the flanges. Although this practice has been
largely discontinued for rolled sections, it is
still common ©practice to stamp identification
numbers in plates during fabrication. If the final
location of a stamped identification number is one
of high repeated tensile stress, there is certainly
a potential for fatlgue-crack initiation. Con=-
sideration should be given to controlling the use of
such identification stamps. The depth and sharpness
of the stamp as well as its location are important
factors.

Crack Detection

A conventional pulse-echo ultrasonic unit was the
most reliable of the inspection methods. In those
regions that were monitored regularly, no cracks are
known to have grown to a length greater than 38 mm
(1.5 in) without ultrasonic detection. However, un-
detected cracks did develop in regions that were not
being monitored, and there is serious doubt whether
those cracks would have been detected ultrasonically
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even if the region had been monitored.

Visual inspection appeared to be the second most
reliable method of detection. Of course, cracks
must penetrate the observed surface in order to be
detected visually. Use of a dye penetrant signifi-
cantly reduced the size of crack that could be de~
tected visually.

Radiography was nearly as reliable as ultrasonic
inspection in the regions in which it could be
used. However, more than half the material to be
inspected was inaccessible to radiography.

In some of the critical fatigue =zones, the
Randomdec method of detecting cracks produced crack
predictions consistent with the ultrasonic results.
However, the findings indicate that the methods of
excitation employed in this study to generate the
vibration signatures needed for the Randomdec analy-
sis are not completely adequate for reliable crack
detection.

The reliability of conventional ultrasonic tech-
niques and radiography is sufficient to warrant the
continued development of ingpection programs that
use these techniques along with visual inspection.
However, it must be recognized that in the vicinity
of complex connections, some cracks may become very
large before they can be detected.
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