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DETECTORS FOR AUTCMATIC FCG-WARNING SIGNS

PURPOSE OF STUDY:

1. To evaluate various fog detectors and recorders in
detecting and measuring the reduction in highway

vigibility due to fog.

2. To evaluate the ability of the detectors to activate

fog-warning messages on changeable message signs.

3. To determine the effect the signs and various

warning messages have on drivers.






DETECTORS FOR AUTOMATIC FOG-WARNING SIGNS

The failure of drivers to assess his visual range in fog,
and to relate that range to hig stopping distance can lead to

the chain-type accident.

The situation of driving in light fog (visibility greater
than 500 feet) and encountering fog areas of lesser visibility
exists in several areas in California. The guestion is--"How

do you notify the motorist of a heavier fog pocket ahead?".

Our approach to investigating this situation was to connect
a fég sensor to a changeable message sign. When the visibility
was reduced to 300 feet, the message "Dense Fog Ahead" was

displayed to the motorist giving notice of conditions ahead.

Several studies have been conducted in cCalifornia tb prevent

the multiple vehicle accidents associated with driving in fog.
This study focused on one phase of the fog accident problem--
evaluation of fog detectors. Part I of this report is a

narrative of the study; Part IT describes a preliminéry evaluation

of the fog detectors.

Our research program on fog studies was advanced a few years
when the Environmental Technology Center of Lear Siegler, Inc.,
Englewood, Colorado, offered for $1 to provide and install one

SM4 tranémissbméter and recorder in California to detect and



measure the reduction in highway visibility due to fog.

We readily accepted their offer. The Division was to provide
at the test site‘é 20-foot by 150-foot moderately level area
enclosed by G-Ebct chain link fence with barbed wire around

the top.

The California‘Highway Patrol and Transportation District 10
éersonnel (1) field-reviewed several possible locations in
order to select a test location. The location selected is
approximately’éo mileé gsouth of Sacramento on Highway 299 in
San Joaquin County between Arch Road on the north and Rustin
Road on the south, a distaﬁce of 9.7 miles.r The average daily
traffic on this section ié approximately 30,000 vehicles, of

which approximatély 15 percent are trucks.

The heaviest of Fhe 00unty's fog poékets is aboué 6 miles

long in this area; The fog is heaviest there because of the
low-lying flaﬁjvalley floor a;eé'(eleﬁation 40 to 50 feet) and
the proximity to the river. Different from the coastal fog that
rolls in from the ocean,_the valley is plagued with.tule fog, a
low-lying fog‘(radiation fype) which rises from the ground

when vapors from moist éarth are transformed into tiny fog

dropleﬁs by cool.air,

The California Highway Paﬁro; initiated Operation Fog Bound

in the Stockton area in 1970. Phase five of their program



was enforcement and the resultlng problem of traffic control
durlng dangerous fog perlods. A system of caravannlng vehicles
th:ough dangerous fog areas Wae developed, utilizing Hignway
Patrol vehicles es the.“nilot" carg:; and was given the
1dent1flcatlon tltle of "Round Robin'". This type ofrpattol
was lmplemented as necessary when fog condltlons restrlcted

normal vigibility to a dangerous level.

Data from Operatlon Fog-Bound Statlstlcs (2) lndlcated-
Fog Season 68/69 69/70 70/71 71/72

Fog Hours 171 235 217 15036

Fog hours are defined as all hours in which visgibility was

restricted due to fog at any location within the area.

The winter season (1972/73) we picked for research of fog
detectors hadlonly 163 fog hours. However, we got'23.95
inches of rain instead of the normal 13.37 inches. This was

the 4th.;ainiest year on recordgn*

The compound for the sM4 transmlssometer and other detectors was
located at the Lathrop Road Interchange.‘ This 31te was selected
because of:

. Avalilable space

. Available power

- ”Avallable telephone 11nes

. Near the center of ﬁhe area to be monltored



We.feceiﬁed offe}e:ffom‘ether compaﬁies-te e#aluate their
foyg detectors. These effefs wefe accepfed and a standard
ragreement for $1 each was 51gned with AeroV1ronment, inc.,
Pasadena, Callfornla (nghway Fog Monltor) Kahl Scientific
-Instrument Corp;, El Cajon, California (Videograph); and
Meteoroldgy.Reseafch, Inc., Altadena, California (Fog

Visiometer).

:

The fog detectors are discussed in Part 2 of the report
"Detectors for Automatic‘Fog—Warning Signs" by Bemis, Pinkerman,

shirley, and skog, July 1973 (CA-DOT-TL-7121-1-73-22).

Figure .l
COnstructlon of base for SM4 transmlssometer




Figure 2 _
vView of enclosure for fog sensors.
Looking north from Lathrop Road Overcrossing

Figure 3 - SM4 Transmissometer




Our next task was to provide'a changeable message sign to
connect to the fog sensor. We had neither the lead time nor
the money to provide a sign bridge over the roadway (this is

what we should have provided).

A changeable message display sign (3) manufactured by Display
Technology COrﬁoration, Cupertino, California, was'selected.
It was proﬁidéd on a monthly rental basis for the period of

the fog study.

This sign had not been used on our highway system and we

wanted to evaluate its capabilities.

_ Figure 4
A view of the changeable message sign without any message display




+

Rather than displaying a blank gign to the motorisgt for
99 perdent of the time during the study period, a safety

message was éelected, "BUCKLE UP FOR SAFETY".

Figurs 5

This safety message was displayed until interrupted by a
notice of dense fog or notice of accident ahead. The message
was cyéléd to flash evey 15 seconds. All messages on the signs
‘weére 13-inch letters except the words "WRECK" and "FOG" which

were 26 inches,

The signs were connected to the fog sensors using telephone

lines.



The fog detector and sign systems were to function as follows:

1. When the visibility dropped to 300 feet, the message
"DENSE FOG AHEAD" would be displayed to the motorist

giving notice of conditions ahead.

Figure 6

This message was to stay on the sign until the visibility
improved to 450 feet. At that time, the message would revert

to "BUCKLE UP FOR SAFETY",

Té;‘ Arcqnsole éhowing sign messages displayed on southbound
and horthbound signs was placed in the Stockton Highway

Patrol Office by Display Technology, Inc. The console



was adequate, easy to use and understand. Buttons were

lighted; incidating what messagé was displayed on each

sign.

Figure 7
Dlsplay Technology Console in Stockton Office
of California Highway Patrol

Dense ||Dense {Pense ' Dense |{Dense . ||Dense
Fog Fog Fog @ Fog Fog Fog
Ahead |12 Milesglld Miles Ahead ||2 Miles|K Miles
Slow Slow Slow Slow S low Slow
Wreck (Wreck Wreck Wreck [Wreck reck
Ahead ||2 Mileg||4 Miles Ahead ||2 Miles||d Miles
Buckle Buckle
Up For Up For
Safety Safety
Southbound Neor thkound
Figure 8

Arrangement of Console with megsages available
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3., ©Numerals were painted on each shoulder indicating the

mileage aloﬁg'the highway from each fog sign.

Figure 9

“Mile Number on Highway

For examplé; if.a dénse fog occurred over a short section
of highway, the patrol unit would radio the approximate
location to the Patrol office. The button "DENSE FOG 2
MILES" for the southbound sign would be pushed to activate

the sign, while lea&ing the northbound sign to read

- "DENSE - FOG 'AHEAD",

In the event a traffic accident occurred, the patrol unit
{Figure 105“wguld radio the leocation to the officer on
duty in thé‘Stockton CHP office (Figure 11), who would
activate tﬁe sign to read "SLOW! WRECK AHEAD" (Figure 12)
or "SLOW! ﬁRECK 2 MILES". If an accident occurred during
the period‘of dense fog, the sign message would alternate

"DENSE FOG AHEAD" - "SLOW. WRECK AHEAD".



11

Figure 10

Figure 11

Figure 12
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Due to well-coordinated efforts by participating agencies
and individual personnel assigned, the study period was

meaningful and‘pb accidents occurred,
- We 1earﬁed'seVef§1'things:

. The locatioﬁ"and,size of the signs were not effective
| enough-to catch the drivers' eye. Signs should be
placed overhead on structures or at more remote
‘locétions where other signs or highway features are

not competiﬁg.

. There was no evidence that speed was reduced in the
° control zonés while the signs were in operation warning

of heavy foéQahead.

. In a permanént location, consideration should be given
to the use of a microwave interconnect between sign and

fog'detector. Using telephone lines is too costly.

. A speed advisory system capable of informing drivers of
other vehicles' speed beyond the drivers' available
sight disﬁaﬁge ahead:might help in warning drivers of

traffic congestion and stoppages ahead.
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(1) Acknowledgment is due to mény who contributed substantially

to this reseafch project:

From the California Highway Patrol:
Captain C. W. Wynn, Commander, Stockton
Captain G. D. Risenhoover, Commander, Stockton
Sergeant Doug Taylor

Officer Elmer Harper

From Transportation District 10 - Stockton:
Bill Gilléspié,'District Traffic Engineer
Jack Lobenberg, Asst. District Traffic Engineer

Wilbur Elias, Asst. District Traffic Engineer

{(2) Item 5 of Informatidn Bulletin by california Highway
Patrol dated July 1972.

(3) ~ For more inférmation on types of changeable message
éigns,lpléase refer to Special Report 129 By the
Highwaf Research Board on "The chaﬁgeable Messége Concept
of Traffic Control". This Special Report contains papers
presented at a conférence held on July 1971 Cnlfhe

design, operation, and use of changeable message zigns.
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" State of California

k/y ’2/2 3/73

Business and Transportation Agency

. Memorandum

To Mr. R. J. Datel Date:  December 15, 1972
Attention: Mr. A. C. Estep File : 06-Operation Fogbound
Traffic Engineer .
From : Department of Public Works—Division of Highways
Fresno - District 6 Traffic
Subject:

At one of the meetings with the California Highway Patrol, Captain
Behringer of the Kern County area requested that some sort of a system
be devised to help the drivers of the Operation Fogbound vehicles to
locate the off-ramps during dense fog. The officers were concerned
about having to slow down in order to find the off-ramps - thereby in-
creasing the probability of a rear-end type of accident.

Several ideas were discussed with the Highway Patrol, including
striping pattern on the shoulders or on the traveled way and the use of
guide markers. The system selected was a pattern of clear reflective
raised pavement markers (Type G) along the right shoulder as shown on
the attached drawing.

For test purposes, the off-ramps on Interstate 5 between the junc-
tion of 99 and the Kings County Line were selected for evaluation. The
markers were placed on November 17, 1972, and evaluation was to be made
on the effectiveness of such a system, the adequacy of spacing, the
pattern for best recognition, etc,

Almpst immediately, we received favorable comment from the CHP in
that area. Additionally, overlapping fogbound vehicles from the Coalinga
area saw the benefit of such a system and were very much interested in
having the markers in their area. Attached are memos we received from
the CHP.

At the same time, commercial truck drivers, on their own, solved
the purpose of these markers. The California Trucking Association is
enthusiastic about the idea and favor having these markers placed State-
wide.

Although only a short period of evaluation is available at this
time, it is obvious from the enthusiasm of the varicus people who bene-
fited from the information provided by the markers that the system is
working quite well - not only in the fog but during all hours of dark-
ness. ‘






Mr. R. J. Datel . ' -2- _ December 15, 1972
Attn: Mr. A. C. Estep

We believe that the information these markers provide can also be helpful
to the general public. Therefore, we propose to publicize the markers through
the varjous local news media, the Automobile Clubs and through the Trucking
Association magazine.

In addition, we propose to extend these markers through Interstate 5 to
the Merced County Line and also expand the test area to include Highway 99
through Kern County. The cost for this work is estimated at approximately
$15 per ramp or approximately $1,300 total.

We would appreciate any comments you may have concerning these fogbound,
off-ramp markers as well as our proposal to extend and expand the test area
and to publicize the system.

KENNETH WALSH -
District Traffic Engineer

RTY:ga

Attachment :

cc: TPHodges (CHP Zone IV Commander)
Captain RGBehringer (CHP-Bkd)
Lt. OERubey {CHP-Cing)
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INTRODUCTION

Fog has been a persistent problem for both automotive and air-
borne traffic for many years. It can be a particularly sderious
hazard in many places in the State of california, especially
where discrete pockets of very dense "radiation" fog form in
the Central Valley. As a result, considerable thought and
effort has been given to 1deas and devices d951gned to 1mprove
traffic safety.

This report describes a preliminary evaluation of an automatic

fog warning system that could be used to warn motorists of hazardous
driving conditions due to reduced visibility in fog. The study

was conducted by the Division of Highways, Transportation

Laboratory in cooperation with the Division of Highways, Traffic
Branch.



' CONGLUSIONS

The lack of dense fog precluded the analysis of a statistical
relationship between the estimated visibility and the parameters
measured by the automatic fog sensors. Of the instruments
examined in this study, it appears that the instrument supplied

by Meteoroclogy Research Incorporated has the greatest potential.

It was not determined how well visibilities measured by the various
instruments were related to visibilities on the highway.




A HIGHWAY POG WARNING_SYSTEM_

Various state agencies have been interested in the fog-related
highway accident problem for some time. Previously, studies
were conducted by the Division of Highways Maintenance Branch
to see if it is possible to improve visibility in fog.by
applying a dispersal agent[l]. Also, the Division of Highways
Traffic Branch has studied the effect of changeable signs which
displayed the safe driving speed([2]. The California Highway
Patrol (CHP) has developed "Operation Fogbound" where the
motorist is warned via commercial radio of hazardous driving
conditions during periods of dense fog (November.through
February in the Stockton area). The CHP also leads groups

of cars through the fog at a safe driving speed (the "Round
Robin" part of Operation Fogbound). Their experience leads
them to suggest the following definitions[3]:

Critical fog - visibilities of 200 feet or less.

bangerous fqg_— visibi1i£ies of 200.feet to=500 feet.

Light fog - fog with a-visibility greater than 500 feet.

A highway fog warning system should be composed of at least

two warning signs and several automatic fog detectors. The warn-
ing signs should be activated when a drastic, dangerous reduction
in visibility is encountered. : : :

Fog Detector

Historically, automatic fog detectors have been déveloped for use
at airports and at foggy waterways. They are not always directly

- suitable for use on the highway. For example , the minimum
visibility of interest at airports is about 660 feet (1/8 mile)

in increments of 660 feet (eighths of a mile). .A highway fog
detector should operate over a range of about 50 feet to

1000 feet, within an accuracy of + 25 feet. A change in
visibility of + 25 feet would correspond to a change in safe
driving speed of + 3 miles per hour (on wet pavement) in the

range of 30-60 mph[4]. Typically, the motorist finds himself

in trouble when he encounters a rapid change in visibility within
the fog. He is aware that he is in fog, but he must be warned

of an abrupt and unexpected decrease in his safe driving speed.

In order to locate these changes, several fog senscrs are reguired.
Ideally, a proper highway fog detector should be inexpensive enough
so that several of the instruments could be deployed within a
hazardous fog area. :



A small, battery powéred sensor which would look inconspicious to
the motorist or pedestrian would not need the security of a chain
link enclosure if it were built to look like part of an existing
piece of roadway equipment such as a guard rail post. Several
“instruments could be connected by telephone lines and used to
activate signs, alert the CHP of possible problem areas, etc.

All of the fog sensors evaluated in this study would regquire some
type of security such as a chain link enclosure. With the
exception of the Fog'Visiometer, the instruments are fairly

large and distracting to the motorist. Although not a reguirement,
the transmissometer and the AeroVironment Fog Monitoxr are too
large and bulky to be used for any type of mobile operation,

but the Fog Visiometer and the Videograph are compact enough to

be so employed. :

Warning Sign

The warning sign should be large enough so that it is easily
visible under adverse conditions. - It should probably be in

the form of a sign bridge so that it straddles the traffic
lanes. Activating flashing yellow lights when a warning

message is displayed on the sign would draw motorist's attention
to the sign. Having multiple messagesg on the sign is not

réally necessary for fog warnings, but may be of value when used
in conjunction with another migsion (warning of an accident ox
congestion ahead, for example).

The sign used to alert motorists of adverse driving conditions was
provided by Display Technology Corporation of Cupertino, California.
The lack of lead time for the study called for the installation

of two signs from existing stock. The sign chosen was not
sufficiently large to be adequately visible in adverse weather. The
locations of the signs were dictated by the requirements of power,
guardrail protection, proximity to sensors, and availability of
telephone lines which were connected to one of the fog sensors.
Although the sign seems large at close range, it does not stand

out from its surroundings in either foggy or clear weather.



Figure 1

View of Warning Sign at Close Range

Figure 2

View of Warning Sign from Several Hundred Feet Distance



"The message displayed on the signs during periods of adverse
visibility is "Dense Fog Ahead". The words "dense" and "ahead"
were 13 inches high while the word "fog" was 26 inches high.
Since the letters of the words were not in the standard shapes
or colors normally used on highways, standard graphs relating
letter height to visibility could not be used.

The illumination of the sign was not proper for night time oxr

fog conditions. Field alteration by the supplier led to a great
improvement in visibility. During periods of heavy fog, however,
the sign was still difficult to observe.

A control board was located at a nearby California Highway Patrol
office. The CHP personnel had the option of overriding the
automatic fog detectors. They could display fog warning messages
and/or wreck ahead messages. They could also input the distance
to the hazard.




TEST PROCEDURE

The fog sensors were located in a chain link enclosure about 50
feet from the highway, with the transmissometer placed parallel
to the road. Since the enclosure is about 3 feet lower than
the traveled way, the sensors were mounted at a 5 foot height
in order to sample fog which was about 2 feet above the road.

The actual visibility was obtained by human observers. They
approached a lighted tail light until it became visible. This
distance was recorded, along with the time of the observation.
The procedure was then repeated with an unlit object as the
visibility target. ‘



VISIBILITY TARGET

In dense fog with a relatively low background brightness (night
time or a deep layer of fog during the day) the object which
usually first becomes visible on the roadway is the automobile
tail light. When the fog is shallow enough during daylight
hours, solid, blocky objects first become visible. For these
-reasons, the intent of the study was to gather data using a dual
definition of visibility:

1. Low background brightness:

Visibiliﬁy - "that distance at which a person can just
discern a 'standard' tail light mounted at
an average height above ground".

2. High background brightness:

Visibility ~ “that distance at which a person can just
discern a typical unlit object located
adjacent to the highway" (such as a sign
or a bridge).

The particular tail light that was chosen is considered to be

of "typical" brightness and lighted area. It was mounted

at a height of 29 inches above ground in a plywood test stand which
was painted grey. The light was powered by a constant voltage
power source at the design voltage of the bulb (14.0 volts).

This tail light was obtained from a supply of lights evaluated for
conformance to federal and state standards[5]. It is the opinion
of the conformance testers that the brightness of the light and

the lit cross sectional area of the light are typical.

:%igure 3

Tail Light Visibility Target
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The second visibility target wag an unlit highway sign _

located adjacent to the test site. .The tail light was placed

next to the sign. The observers slowly traversed the distance
between themselves and the targets, moving towards the targets.
When the first target became wvizible (always the tail light in the
few observations that were made) the distance was noted. The
observers then proceeded until the =econd target became wvisible.
The observers were driving adjacent to the highway shoulder in an
automobile at a low rate of speed at the time they made their
observations. ‘

«f

g
o
o il

Figure 4

View of Unlit Visibility Target and General
Layout of Site

INSTRUMENTS TESTED

Four fog sensors were installed for the test within a chain-

link enclosure. Each fog sensor utilizes a different principle

of operation. All measure intensity of light and use a mathematical
model to estimate "meteorological visual range". None measure
visibility directly. It was felt that if a significant correlation
could be obtained between the data outputs of the fog sensors and
the actual visibility as measured by a human observer, a statistical
equation relating the two could be derived for each of the fog



sensors. This would be possible only if the fog was more or
less uniform (brightness, droplet size, etc.), and a different
"equation would be reguired lf the fog parameters changed
significantly. -

The intent of the study was to travel to the site during periods
of dense fog. At that time, the visibiliity would be estimated
by observing both a "standard" tail light and a typical unlit
object. The lack of denge fog at the test site kept us from
obtaining data with which to generate the statistical relation-
ships. It is felt that this relationship must be obtained before
proceding with the planning, des;gn, or cperation of a fog-
hazard warning system.

The four fog sensors:and their individual characteristics are
" degscribed below: =

Lear Siegler, Inc - SM4 Transmissometer

This is a double path instrument with a sender-receiver at one
location and a reflector 37 meters away. To insure precise optical
alignment, large bases must be prepared with a rigid foundation.

“Figure 5
SM4 Transmissometer
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Special baffles are installed in both units in an attempt to keep
the air adjacent to the lenses calm, preventing dust from
obscuring the lenses., A beeper was provided in order to keep
birds from setting up home in the optical path. The light from
the sender is first modulated by a light chopper and then split
into two beams. One beam is retained in the unit as a reference
beam and the othey beam is passed. through the fog and back to the
receiver. The ratio of the intensities of the two light beams is
the transmission: '

. Final inﬁensity of sample beam
T () = Intensity ot reference beam x 100

The light chopper insures that only the light emitted by the
sender is analyzed. Other light sources such as automobile
lights and fixed roadway lights do not interfere.

The measured transmission, T, was recorded on a strip chart
‘recorder equipped with a data pen and an event marker. During

the test period it became apparent that the instrument was probably
out of calibration. Attempts at recalibration were made by the
instrument supplier. Although the output should have been 20 mA

on a clear day, initially the dutput was about 18.5 mA and improved
to about 19.5 mA after recalibration. Howewver, a check of the strip
chart recorder showed that the pen of the recorder consistently
recorded about 10% lower than the actual transmission'as indicated
by the milliamp dial (20 mA = 100% transmission). Ten data pairs
(milliamps and strip chart readings) were observed. A regression
equation relating the data is:

T (3) = 11.36 + 91.39 x (chart reading)

From the above equation any chart reading may be converted to the
dppropriate percent transmission. However, any transmission

level below about 11% would be recorded as zerc. Since 11%
transmission corresponds to a visibility of about 315 feet,
visibilities below this level were not recorded. Also, the instru-
ment was set to turn on the warning sign when the chart read 10%
transmission and off when the chart reading improved to 17%. It
was thought that this corresponded to visibilities of about 310
feet and 440 feet respectively. Actually, the transmission levels
were 20.5% and 27% and the corresponding visibilities about

500 feet and 600 feet. It is felt that these difficulties can be
corrected by a revision in the electrical components between the
milliamp dial output and the strip chart recorder.

The range of the instrument depends upon the path length selected
for use. At the optimum path length (about 37 meters) the

. instrument's range is about .05 kilometers (+160 feet) to about

5 kilometers (+16,000 feet). At the low range, a small change

in transmission causes a large change in visibility. This means
that the transmissometer is not wvery precise at visibilities
below about 300 feet or so.

11



The cost of purchasiné and installing this instrument may preclude
its widespread use for highway monitoring.

- Meteorology Research,. In¢. - Fog Visiometer

This is a short path instrument that measures light scattered
forward, sideward, and backward from the main light beam. The
sample area is about l.4 feet in length. The flash lamp is
inclined in the forward direction. Electronics are used to
compensate for light scattered at angles approaching zerc and
180 degrees from the original path of the light beam.

This instrument comes from the factory with instructions for
obtaining the following visibilities[6]:

1. Runway Visibility (RVV) - the distance that an observer
would observe visually in a given direction using as targets
either dark objects against the horizon sky during daytime

or unfocused lights of moderate intensity at night., RVV (meters)
= gﬁg, where b = scattering coefficient as measured by the MRI

Fog Visiometer.

2. Meteorological Range (Lyd) - the greatest distance at which
a sufficiently large black object can be seen against the daytime
horizon sky, assuming the eye is able to distinguish differences
in contrast of 2%.

Lya (meters) = éﬁg r Where b is as previously defined.
The relationship of either of these visibilities to the
visibilities encountered on the highway is not clear. A graph
relating highway visibility to the scattering coefficient was
published in a report prepared by the California Division of
Highways. The visibility target used in this case consisted
of actual automobile tail lights[l]l. It can be seen from Figure
6 that highway visibility (TSD) is significantly different than
either Lygq or RVV. ;

The Fog Visiometer normally is set at a visibility range (Lyg)
of 260 feet to 20,000 feet, but can be easily calibrated to read
100 f£eet to 10,000 feet. This second range can be halved
or gquartered to obtaih readings down to 50 feet or 25 feet

" respectively. This would require the manufacturer to
establish another calibraticn point but would greatly increase

" the usability of the instrument.

The Fog Visiometer seemed. to operate properly once the installation
was completed. It was not possible to obtain cbservations of
highway visibility while the Fog Visiometer was installed due to

a lack of dense fog at the test site.



MRI FOG VISIOMETER OUTPUT
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When connected to the sign, the CHP felt that the Fog Visiometer
was not turning on the fog sign when it should have been. However,
the CHP had probably become accustomed to seeing the sign turn on
at 500 feet while connected to Lear Siegler's instrument. The

Fog Visiometer was set to turn on the sign when the visibility
dropped to 300 feet and turn the sign off when the vigibility
improved .to 450 feet. . ‘

rFiguré 7

Fog Vigicmeter before Final Installation
”“ ‘on Pole -

“During the period of study, no operational problems were observed.
The instrument was operated with proper exposure only for two months.

', 'Kahl Scientific - Videograph
" fPhe Videograph as supplied by Kahl Scientific is not applicable
for use on the highway. The instrument is able to measure a
minimum visibility of .06 mile (316 feet). Readings are
obtainable only in increments of about 100 feet (or more)

- .since the instrument is graduated in the nearest 5/100 mile at the
_lower visibilities. Above 0.20 miles, the graduations are in
“1/10 mile increments. The maximum range is 6 niles.

‘The Videcgraph is a backscatter device which has both the
flash unit and the receiVer unit mounted on the same stand. The

14



light that reflects off the fog and back towards the flasher
unit is called backscatter light. There is a p0551b111ty for
backscatter devices to overestimate visibility in a dense fog
since absorption losses of light can be significant in this case.
Kahl Scientific does not feel that the instrument can be made

to function properly below .06 miles[7].

No operational difficulties were encountered. However, the
short duration of field exposure (1 month) was not sufficient
to demonstrate the instrument's durability

LIGHT
SOURCE

LIGHT
SENSOR

. 39AM300 VIDEOGRAPH (BACK—SCATTER VISIBILITY MONITORING)

Figure 8
Kahl Scientific Videoéraph

AeroVironment, Inc. - Highway Fog Monitor

‘AeroVironment installed a Model 150 Highway Fog Monitor for
evaluation. This instrument measures light that is scattered in
the forward direction with the direct path of the light blocked
by a dark object. The path of the light follows the surface of
two cones placed back-to-back with the light scattering from fog
in a donut-shaped region where the bases of the cones meet. This
donut-shaped region is the. sample volume since the geometry of

the device only allows light scattered in this region to be sensed
at the receiving end.

The light source is near the ground and shines upward a distance of
about .4 feet. The instrument flashes the light at a slow rate when
the visibility is above 1000 feet and increases the rate of flashing
- when the visibility drops below 1000 feet.

This instrument was observed to be flashing at the slow rate _
when the visibility was low (around 250 feet). When notified of
this problem, the supplier removed the instrument for servicing
and did not return the instrument to the test site. Since this

was a prototype 1nstrument, the supplier was not able to replace
it w1th another 1nstrument.

15



“Figure 9
AeroVironment Highway Fog Monitor

Future Studies

It appears that there'is a sufficient need for an automatic fog
warning system. Much effort has been expended by various agencies
in an effort to successfully warn the motorist of unseen dangers.
It does not seem feasible at this time to warn the motorist of
stopped vehicles' (via"“loop detectors or radar for example).
Warning the motorist of reductions in safe driving speed which
are beyond his wisibility range seems to be the most feasible
‘alternative.

To warn the motorist of changes in driving conditions ahead,

it is necessary to have several fog sensing devices, The sensoxrs
“should be placed in locations that historically experience

the most dense fog conditions.' Since many automatic

fog sensors would be required for thig type of system, they

must be fairly inexpensive. Extensive field installation would
also not be feasible.

1l



Two automatic fog detectors which were not tested, but which may
have a great potential are:

1) Closed circuit television = This could be directed towards
targets placed at incremental distances along the roadway. A
count of the number of targets visible (this could be done
electronically) would directly yield the existing visibility.
The camera alsc could be directed towards the traffic toe inform
the Highway Patrol or Traffic Branch of onroad conditions.

2) Small Sized Backscatter Device - This device would be very
small™ (about 6" to 8" in greateést dimension) and could be
inconspicuously mounted on a guard rail post. It would be
operated by a dry cell battery and would emit a low enexrgy

light. This instrument would be fairly inexpensive and could be
installed in greater numbers than larger, more expensive devices.
The feasibility of using a large number of devices would offset the
relatively small sample volume.

To overcome difficulties encountered during this period of
study with regard to relating actual visibility to ihstrument
visibility, time lapse photography could be used tc measure the
actual visibility. This would insure that all periods of fog
were observed, whether it occurred during working days or not.
One of the fog sensors could trigger the camera so that it
only operated during periods of reduced visibility. The
visibility targets could be square, black objects with lights
mounted on one corner. They could be spaced out at 50 feet
increments and the number of targets visible would indicate
the vigibility. Care must be taken to insure that the
visibility reduction is due to fog and not dirt on the lens

or some other interference. Also, a camera and the human eye
do not always perceive contrast in a like manner. :

17



REF ERENCES CITED
Beaton, et al, Stockton Fog Dispersal Study, California
Division of Highways, Report No. CA-HWY-MR 657107-1-72-24,

Tamburri, T. N., Theobald, D. J., et. al. Reduced Visibility
(Fog) Study, California Division of Highways, Headquarters
Traffic Department, March-1967.

Wynn, C. W., Captain, "Operation Fogbound - Accident
Reduction Plan".. California Highway Patrol, Stockton
area, October 1972, .

AASHO, "A Policy on Geometric Design of Rural Highways -
1965" American Association of State Highway Officials,
1%66. \ ’

: 1 .
Standards Conformity Evaluation Report No. 2135. California
Division of Highways Materials and Re'search Department,
October 1972. B

"MRI Fog Visiometer Instruction Manual", Fog Visiometer
Model ‘1580, Altadena, California, 1971.

Phone conversation with Mr. Gene Jerzewski of Xahl
Scientific, February 13, 1973.

REFERENCES UNCITED

National Cooperation Highway Research keport 95, Highway
Fog, Highway Research Board, 1970.




>

ST LU EATRS HINTD
2510 OF GHWAYS
=278 & RES,CEPT.

973 DEC 20 MM 3 10



Tie

e
G
-




STATE OF CALIFORNIA
BUSINESS AND TRANSPORTATION AGENCY
DEPARTMENT OF PUBLIC WORKS

DIVISION OF HIGHWAYS
BRIDGE DEPARTMENT

STRUCTURAL BEHAVIQOR
OF A
FLEXIBLE METAL CULVERT

UNDER A DEEP EARTH EMBANKMENT

USING METHOD A BACK®tva... ..







::1. 4
gl
¥

TECHNICAL REPORT STANDARD TITLE PAGE

Y. Report No.

2. Government Accession Ne.

|

]
“

3. Recipiant's Catalog No.

4. Trtle and Sebtithe

Method A packfill

Structural Behavior of a Flexible Metal
culvert Under a Deep Earth Embankment Using

T W:v:&;._,_—; T e .;

June 1973
4. Pacforming Grgonization Code
14030

Avthorlsinayid W. Spannagel.
Raymond E. Davis,
Alfred E. Bacher,

Asst. Bridge Engineér B. Parforming Orgonization Report No. v
sr. Bridge Engineer CA—Hy—BD—624lll—73—6

ar. Bridge Engineer |

9. Performing Orgonization Nome ond Address
california Division
Bridge Department

p.0. Box 1499,

of Highways

Research & Development Unit
Sacramento,

0. Wark Unit Na.

11. Contract or Gmm NMo.
D-4-24

13, Typs of Report and Pericd Covered

CcA 95807

12. Sponsoring Agency Nams ond Addres=
U - S -
Federal Highway

Washington, D.C.

pepartment of Transportation
Administration

Research Final Report
6/65 - 6/73

‘4.. Sponsoring Agency Code

15, Supplementory Notss

16, Abstroct

steel plate pipes was

pletion.

Results indicated
height and produced fair
ments were small.
observed without apparen

Theoretical analysis pro
determine their relative
hest,

Comparisons

A culvert consisting of twin 10B-inch—nominal-diameter structural
puried under 160
Apple Canyon using Method A backfill.

instrumented to determine soil
settlements at various £ill heights and following construction com~

that the soil pressures were linear functions of fill

Stresses exceeding the specified minimum yield were
t structural distress. '

although sufficient soil property data were not available to
predict accurately pipe displacements and stresses.

were made be
plate pipe at Chadd Creek using
Method A backfill technique was
the uniformity of pressures, stresses and moments obtained.

feet of highway‘embankment at
Two cross-sections were heavily

pressures, displacements, strains, and

1y uniform peripheral distributions. Displace-

cedures were applied to the installation to
merit. The finite element procedure proved the

t+ween this installation and a similar structural
Method B (paled straw) packfill. The
found to be superior to Method B due to

17. Key Words

tulverits
Earth Pressure,
Structural Plate Pipe,

Culverts (Flexibie), Pesign
A {
Soil Mechanics,

18, Distribution Statement

Unlimited
Stresses

19, Security Clossif. (of this rapor?)

Unclassified

22, Price

30, Security Classif. (of ﬂ;ls poge) 21. Nos of Poges
-

Unclassified

Formn DOT F 1700.7 (s-59}






5
Tog

%o«

ACKNOWLEDGMENTS

The research reported herein was financed in part
and conducted in cooperation with the Uniﬁed States Depart-
ment of Transportation, Federal Highway Administration.
The work was performed under the direction of_the Célifornia
pivision of Highways, Bridge Department, Research and
Development Section. _Insfrumentation of the field prototype
and data acquisition were perfbrmed by the California
Division of Highwéys, Materials and Research Debartment.

The tested prototype was designed by the Bridge
Departmént'under the supervision of Mr. A. E.:Bachér,
Senior Bridge Engineer and co-principal investigator.

Acknowledgment is gratefuliy extended to Messrs.
E..E. Evans, H. D. Nix, G. C. Castleton and L. R. Patterson,
_of the Bridgé Department, for their agssistance in computer
programming and data reduction; to F. G. Gillenwaters who
designed the'prototype culvert; to Messrs. W.‘W. Chow,
A. Sequeira, W. Weber and other members‘of the Materials
and Research bépartment staff for their efforts in providing
the data; and to Messrs. W. E. Schaefer, H. Heckeroth,
J. J. Webster, T. H. Muhich and their staffs, of District 07,
for valuéble assistance during the planning and constructién
phases of this project.

The contents of this repbrt refledt Ehe views of
the authors, who are responsible for the facis and the
accuracy of the data presented herein. The contents do not

necegsarily reflect the official views or policies of the’

ii



Federal Highway Administrétion or the California Division

of Highways. This report does not constitute a standard,

specification or regulation.

B
~
et P -
- . e "




Item

Abstract . . . . .
Key Words. . . . .
Acknowledgnments. .
Table of Contents.

List of Tables . .

List of Figures. .

Introduction . . .

Objectives . . .

TABLE

Description of Prototype . .

Instrumentation. .-

Results

A-

* - -

OF CONTENTS

of Field Observations. . .

Culvert Displacements . .

1. Relative Shape Changes

2.
B.
C.

D.

Assessment of Current Analytical

A. General .
B.
c.
D.
E.

F.

Absolute Movements .
Settlements . « ¢ ¢ ¢« o .
Soil Pressure Data. . . .

Cuivert Strains . . . . .

. - -

Marston—Spahglér.Theory .
Ring Compreésion Theory .
Flekibility Factor.». .
Neutral Point‘Method. .« .

Finite Element Method . .

and

Design Techniques

Page No.

ii

iv

vii

oW

11
12
12
21
25
25
25
37

30
40

43



Item

FTABLE'OF'bOSTENTSLkCOntinued)

Comparison of Meihodjﬁ-and Method B Backfill. . .

Ao 'Géneral& ; . . - .7- . - . - [ - - L] L] -

' B.  Relati€é Shape Changes « + « « « « « « -

Cc. Soil Pﬁessure and Effective Density. . .

bi' Culvert Strains-L- . LI L] - - - . L} - -

Summary of Observations e e e e e e e e e

A. Experiﬁéntai Results for Method A Backfill

B. _Theoretical_Anaiyses e e s e e e e s e
C;‘ Comparison of Method A and Method B

.: "Bé¢kfill, .. . - - - - L . - - - .

COnClusionS . c{y'. - . n‘-_o s & s & * * = = e =

Recommendations f£or Future Research . . . . . . .

Statement of Implementation e e se e e e e

Bibl%ography- .;o - ;fq .. @ & w- s s s s ® « o s ®

No.

LIST OF TABLES

Description

Data Acquisition Schedule
Construction
buring Construction

Crown Pressures by Marston's Theory, Positive

- Projecting Conduits, Station 10400

" Crown Pressures by Marston's Theory, Negative

Projgéting Conduits, Station 10+00

Increases in Soil Pressure at Various Times During

Increases in Effective Density at Various Times

Page No.
52
52
52
54
55
58
58

59

61
61
63
64

66



F

10
11
12

13a

13b

13c

13d

LIST OF TABLES (Continued)

Description

Crown Pressures by Marston's Theory, Positive

' Projecting Conduits, Station 7+25

Crown Pressures by Marston's Theory, Negative

Projecting Conduits, Station 7+25
Comparison of Spangler's Elongations and
Experimental Values |
Values of E' Calculated by Spangler's Theory
Comparispn of Moments énd Thrusts Produced by
Methéd A and Method B Backfill
Comparison of Mpﬁent Gradients Produced by_‘
Method A and Method B Backfill
Material Properties |
SR—4'Gauge‘quitioﬁs Exhibitinglsfrainsfih
ExéeSS of
: V:Actual field Level
Specified Minimum Yield Levei
Actual Yield Stress Level

Specified Minimum Yield Level

vi



8~9
10-11
12
13-14
15
16
- 17-28

29-55

56

57
58-67
68-83

84

B85
- 86

"LIST OF FIGURES

Apple Canyon Culvert Slte Prior to Fill

Constructlon
Plan and Elevatlon of Apple Canyon
Installatlon

3011 Pressure Meter Layout

'Straln Gauge Layout

Culvert Deformatlon Scheme
Settlement Platform Layout
Survey Monument Layout, Stationing and
| Elevatlons . |

Changes ln Culvert Dlameter Dlmen51ons

- Culvert Deformatlons vs Flll Helght and. Time

Dlsplaced Shapes at Various Tlmes
Changes an Longltudlnal Deformatlons
Lateral-Movements

Culvert Invert Settlements'

5011 Settlement vs Fill Helght and Time

Soil Pressures Vs Flll H61ght and Time

Soil Pressure Profiles at Various Times
Effective Density Profits at Various Times

Circumferential Strain Cross Sections

' Observed Strains vs Fill Height and Time

. Convers:.on of Stra.:.n to Stress

Conditions for Positive Projecting Conduits

_Conditions for Negative Projecting Conduits

o owvii



LIST OF FIGURES (Continued)

No.

87-90 VICompariscn of Observed Crown Pressure and
| | Pressures Calculated by Marston's
Theory. .
91 Spangler's Assumed Pressure Distribution for
Flexible Culverts -
92-93 Comparison of Experimental Thrusts and
. Those Due to the Ring Compression
Thebry _ “
94-95 Moment Pfofiles Calculated by.ﬁeutral Points
96 Finite‘Element Mesh for Apple Canyon |
97-98 Comparisoﬁ.of Experimental Soil Pressure
Distributions and Pressures from
| ,Fihité Elements |
99-100 Moment Profiles Computéd by Finite Elements

101 ‘Plan and Elevation of Chadd creék Installation
102-107 Comparisén of Diameter Changes Due_to‘
. Method A and Method B Backfill
108~111 Soil Pressﬁres vs Fill.Height and Time
" at Chadd Creek
112-117 Comparison of Soil Pressures Due to
Method A and Method B Backfill
118-119 Comparisbn_of Effective Density Profiles
for Method A and Méthod B Backfill
120 .Cpmparison of Moment and Thrust Profiles

for Method A and Method B Backfill

viii



A

Description

Non-Linear Stress Dependent Soil

Properties



INTRODUCTION

In recent years the advent of heavy'earth-msving
equipment has‘made it economically feasible to spen deep
chasms with earth embankments rather than bridge structures;
This procedure'else solves the earth disposal problem created
by.nearby cuts. Generaliy, spme type of drainage faeilities
must be placed within‘these'fiils to carry surfece rshoff.
The culverts used for this.purpose are suhjected_te enermous
lcads and must be designed accordingly.

de construction technigues are comﬁbnly used for
installing culverts in deep embankments._ The first consists
entirely of soil backflll from the foundatlon to the final
_grade and is referred to as Method A. The constructlon
technlque suggested by Dean Anson Marston, called Method B
or the 1mperfect trench" method, is also employed. The
.1atter method is an attempt to reduce culvert overburden by
introducing a compres51b1e ‘inclusion over the culvert crown.
A research prOJect to assess the effects of Method B backfill
on a 114 lnch dlameter, elllptlcal, structural plate plpe at
Chadd Creek was reported by Dav1s (1)* Thrs_report describes
the results of'a similar research pro;ect conducted at Apple
Canyon in California to determine the effects,cfAMethod A
backfill on a twin 108-inch diameter, elli?tical,rstruetural
plate pipe culvert embedded in a 160-foot deep embankment.
'Objectives o

The primary objectives of this project fell into

*Numbers in parentheses refer to the bibliography..
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three;cateédrles.$ﬁinerfirst mas thé determination of the
behavior of a strnctural plate plpe embedded in a deep
embankment. This was accomplished-by= (1) determining the
magnltudes of deformatlons, lateral movements, longitudinal
dllatatlon and settlement of the prototype culvert;

(2} evaluatlng the 5011 pressure distributions and effective
dens1t1es surroundlng the culvert, and (3) determining the
stralns and stresses w1th1n the plpe, calculating membrane
moments and thrusts and relatlng these data to the observed
soll pressures. ' l

The seqond‘objective was the assessment of current

"analytical and'design¢techhiques,‘comparing them with

observed plpe behav1or.' Among the theories evaluated were:
(1) the Marston~5pang1er Theory of Loads on Burled Conduits;
(2) the Rlng Compress1on theory, and (3) the Flexibility
Factor. Internal moments, thrusts and. stresses were
determined“from the eXternal soil pressures using the

Neutral Pornt Analy51s reported by Davis (l1). In addition,

l'the capabllltles of the flnlte element method for predicting

soil pressures-and plpe stresses were assessed.

Flnally, the behaviors of the Chadd Creek and
Apple Canyon 1nstallatlons, using Method B and Method A
backfill ‘conditions, respectlvely, were compared. Soil
pressure prdfiles; internal strains and stresses and pipe
deformations mere"compared in order to determine the
suitability of each type of backfill for flexible culverts.
As a result of thlS project, de51gn spec1flcatlons and
analytical techniques for structural plate pipe culverts

may be revised. -



Description_of the Prototype

The tested culverﬁ was constructed at Apple Canyon,
on Interstate Freeway 5 in Los Andgeles County. The site is
about eight.miles south of the.toWn of Gorman. a photograph
of the canyon prior to backfilling and with éulverﬁ in place
comprises Figure 1. A plan view of the culvert installation
and an embaﬁkment cfoss-section are depicted in Eigure'z.

The'culvert installation consists of twin, lOB—in;h |
nominal diameter, structural steel plate pipes. ;Bétﬁ pipes
were elongated verticélly 5lpercent to provide a major
vertical axié‘of 113 inches and a ﬁinor horizontal axis of
105 inchés prior to-insta;latioﬁ. The elongétioh was
accomplished‘by rolling the properﬂcurvature intd £he pipe
plates during fabrication. The pibe plates ﬁe;e galvanized
steel conforming to AASHO M-167, ASTM A-442 fastened with
ASTM A-325, 7/8-inch diameter, high strength'steel bolts.
Each 8-foot pipe length was assembled from 6 pipe segments
with continuous longitudinal seams' on the horizontal.diameter,
and having corrugations of.6—inch pitch and 2-inch.depth.

The total culvert length measured 1,072 feet. -

' The pipe thickness varied along‘ﬁhe length of the
culvert. Figure 2‘¢ontains a table of plate gage transitions.
Pipe segments at the two heaﬁily instrumented stations,
7+25 and 10+00, were of different gage. At'sfation 7+25,
Number 1 gage plates were assembled using 6 bolts per foot.
Pipe at Station 10+00 consisted of 3/3—ihch_plates with
8 bolts per fodt.

The pipes were placed in a shallow, trapezoidal
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shaped trench. fﬁe original ground along the bottom of

the canyon and adjacent to the natural stream bed was sub-
excavated to form a trench 40 feet wide at the top, 24 feet
wide at the bottom and 11 feet deep. A layer of structure
backfill, about one foot deep was placed in the bottom of
the.trenchrand coﬁpactea-te 95'percent relative compaction.
The structure backflll comprlsed 3 lnch maximum aggregate
with not 1ess than 35 percent pa551ng a Number 4 sieve and
a spec1f1ed sand equlvalent greater than 30. The bottom of
the trench was shaped to conform te the pipe curvature, the
bedding angle being 20 degrees. The plates comprising the
invert were installed in the shaped bedding, and the
remaining plates nere bolted in place. Structure backfill
was placed in theﬁtrench te a height of one foot above the
pipe crown. hBackall was‘to be brought up uniformly
around'the'pipe in.s-inch 1ifts;.hOWever, it was noted
thatlthe'backfillTeleéatien differed by as much as three
feet on 09positeVSides of the pipes at some locations.
Nlnety five percent relative compaction of the structure
backfill materlal ‘was achleved uSLng small, manually
operated v1bratory rollers. Water was added to aid in
compactlon with no spe01al moisture control.

Apple Canyon was orlglnally "U" shaped. The
final embankment was 900 feet long by 155 feet wide at the
+top by 168 feet hlgh measured from original ground. Over-—
fills at the two heav11y 1nstrumented stations were 68 feet

and 160 feet at Statlons 7+25 and 10+00, respectively. The



embankment material was a clayey; sandy'gravel'éommoh to thé
area, It was quite friable and tended to break down during
compaction. .

Consttuction of the embankment began‘ih late 1965.
Inclement weather slowed the installation of the instrumenta=-
~tion during January, 1966, but the pipes were fully instfu—
mented and installed by mid-February. The eﬁbankment reachea
10 feet above the crown on March 1, at which'time the datum
was established.for éll instrumentation ieadings; " The high-
way subbase elevation was reached on May 5, 1966.

Instrumentation

Five sections along thé culvert were instrumented.

Two stationé, 7+25 and 10400, were:extensivé}y instrumented
as follows: |

(1) Eight modified Carlson soil stressmeters were

placed in.the embankment at the octant poiﬁté of the

left pipe. Two additional meters were placéd at the

ends of the horizontal diameter of the right.pipe.

The meters were embedded 6 inches from the periphery

of the pipe and tangent to it. Standard Carlson

stressmeter blanks were purchased and fitted with

linear, variable, differential transformers o

redu?e suscéptibility to damage;often éxperienced

with the more protruding Carlson strainmetér

ordinarily employed as the transducer element.

Figure 3 depicts the soil meter layout.

(2) Five similar meters were placed in the fill

‘surrouhding the culverts. TﬁO'were placed at the
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‘ elevation o£¢the pipelhorizontal diameter and 45
i~ ‘ . feet on eltﬁer side of the installation centerline.
The remalnlng meters were placed about 16-1/2 feet
above the herlzontal diameter, one directly over
the erown of:the left pipe and the others 45 feet
on elther 51de of the centerline. These meters
are also deplcted in Flgure 3.
(3) SR—4 cross gauges were placed in quadruplets
around the lee periphery. Each quadruplet
comprised 4¢gauges whose elements were oriented
longitudinally and circumfefentially and placed
.on the 1nner and outer corrugation crowns and
valleys. Quadruplets were located at the three
upper and three lower octant points. Additional

groups were. placed 12 inches above and below both

longltudlnal seams at the horizontal diameter to

avoid the dbuble pipe thickness at the joint

{see Flgure 4).

(4) Three—quarterﬁlnch steel spheres were welded
to the 1n51§e of the_plpe periphery at the octant
points to determine ﬁipe displacements. A second
set of sphe#es were §1acéa at the ends of the
horizoeﬁal end vertical diameters two corrugations
(12 incpes)lewanyromrthe first set to assess local
culveft'elogéations. Chord lengths between the
octant poinfs'were.measured with an extensometer,

elongat;ons, Wlth a large outside mlcrometer.

Figure 5 deplcts the deformation measurement scheme.
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{5) Fluid type:settlément platforms were placed‘
within the embankment as shown in Figure 6 to assess
settlement ratios and the height of the "plane of
equal settlement."

The three remaining test stations 7+90, 8+55 and
9+20, contained only four Carlson soil stressmeters, one at
the crown and three about 16-1/2 feet above the horlzontal
diameter, as described in (2) above. Unfortunately, lack
of a properly designed siip joint in thé conduit uséd to
convey the upper embankment meter leads into the pipe
resulted in shearing of the leads during construction, so’
that no valid pressure readings were obtained froﬁ these
meters. Figure 3'aiso depicts the stressmeter lafout at

these stations.

In addition to the above instrumentation, survey

monuments wére placed at intervals along the_culVert.
Periodic level and tape surveys were made to determine
changes in pipe camber, pipe lengthening due to transverse
embankment dilatation and lateral movements.‘ The locations
of the'sﬁrvey monuments are depicted in Figure 7.

The data acquisition period spanned almost 40
months. ZInitial readings were made at the time of‘culvert
installation. Since some initial loading is required in
order to produce accurate soil pressure readings, ihe‘
datum for all instrumentation was chosen at a £i11 height

of 10 feet above the culvert crown. Subseéueﬁt readings

were taken at intervals during fill construction and for
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36 monthswthereaf£er. A suhedule of data acquisition

times is presented in Table 1.

Results.of_Field‘Bbservations

A. Culvert Displacements

1. Rela%ive Shapé Changes

The culvért displacementifield was determined
by measurinq the lengths of fourteen chords defined by
steel spheres welgedvto the pipe as sﬁown in Figure 5.

The Cartesian cod;dinates and their changes were
calculated for eééh sphere. In this énalysis, the
diameter connecting fhe crown and invert spheres was

j assumed to remain vertical with the origin at the center
of the invert spﬁére. Chord length changes and coordinates
were calculated with respect to an initial set of readings
taken at the datdm elevation. In addition, since the
measurement of chbrd lengths is not subject to the initial
loading-requireméits of soil stressmeters, readings taken
prior to the fill height reaching the datum eievation are
also ﬁalid,' Theféfore, the chord measurement data were
also reduced witq;respect to the true initial shape of

the pipe prior téibeginning the structure backfill
operatibn.

Curves :f_’epresenting the relative changes in the
horizonial and vértical diameters versus fill height and
time are depicted in Figures 8 and 9. The radial displace-
ments of individqal spheres with respect to the initial,

unloaded shape,vérsus fill height and time are presented

,

in Figures 10 and 11.




The vertical diameter increased initially as Fill
was placed around the culvert barrels, reaching a maximum
when the fili reached the crown elevation. As thé £ill
elevation increased, the vertical diametéﬁ began to decrease,
returning to its original length with 15 to 20lfeét of over-
fill, and continuing to decrease throughout the remainder
of the construction period. The horizontal diameter changes
exhibited opposite behavior. The magnitudes of the horizontal
changes were émaller than those of the vertical diameter,
probably due to passive pressures generated as the pipe moﬁed
laterally into the £ill. This phéhomenon is evidenced by
the fact that the horizontal diameters did not return to
their origiﬁal lengths until about 25 feet of overfill had
been placed. Both the horizontal and vertical diameter
dimensions stgbilized soon after fill completion.

Radial displacements of each octant point,.

Figures 10 and 11, demonstrate the flexibility of the
culvert barrel. The origin of the Cértesian coordinate
system was placed at the culvert_invert; hence, the crown
displacements afe identical to the aforementioned changes
in the vertical diameter. Displacements of the remaining
octant points are réfereﬁced to the culvert cehter. The
horizontal octant point displacements exhibit behavior
consiétent with the above described diameter changes. At
Station 10+00 both horizontal octant points displaced
outward after the fill reached the crown elevation, while

at Station 7+25 the left horizontal octant point exhibited
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almost all of the.outward ;uvement,'the right side remaining
essentlally unchanged with respect té the culvert center.
‘All octant pomnts exhlblted reversals in the
direction of radial dlsplacement durlng the initial stages
of constructlon.: Follow;ng this 1n1t1al reversal, no other
changes of direction occur;ed throughout the data acquisition
period. At both"%ésf stations the three upper octant points
initially displaééd‘outward and then moved inward, the upper
right octant poiﬁt disélading farther than the upper left.
The remaining octant points exhibited initial inward
diéplacementS'an& subsequent outwérd movements with the
lower left sPheré'moving Eérthest outward. All displace-
ments stabilizedjsodn-after £ill completion. Figure 12
éompa:es'the disélaced shape at thé two test stations for
various times dufing the aata'acquisitiOn period.
Longitﬁdinai elohgation measurements between
spheres placed two COrrugaﬁions apart at each test station
(see Pigures 13 and 14) indicate maximum elongations of up
to 0.07 inch per foot after 36 months. Station 10+00, near
the center of embankment dilatation, exhibited an average
total elongation‘of 0.0l‘inch per foot, while Station 7+25
exhibited a.totai average elongation of about ¢.02 inch
pexr foot. Measufeménts at both test stations indicate
superimposed_upward and sidewise movements. Elongation is
evidenced at Station 10+00, although some anomaly occur:ed
ét higher £ill eiévationé'where the crown and invert

eiongated and both sides shortened.
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2. Absolute Movements

The chord changes discussed above were relative to
én assumed brigin at thé pipe invert. Absolute movements of
the culvert were assessed by periodic chain and level
surveys through the installation. Movements Qf the monuments
were later related to the steel balls at the'inﬁert of each
test station. |

Lateral movements are depicted graphically in
Figure 15. The lateral motion is erratic with a maximum
of about 2-1/2 inches at Station 10+00, where the fill was
highest. Maximum in#ert settlement of over two feet was
alsc observed at that station (see Figure 16).

The total elongation of the pipes, measured along
tangents, Was a?prokimately 4 inches, or a little less than
0.004 inch per foot. The increase in length of a straight
chord-joining the two ends of the culvert, which is a more
representative measure of the embankment dilatation, was
approximately 9 inches over a distance of 962 feet, ox
about 0.009 inch per foot. The discrepancy between the
two apparent elongations suggests inclusion of a rotationél
component in the chord length, due to lateral movements;
which tends to st:aighten the pipes. The elongation along
the tangents may be compared with the local elongations shown
in Figures 12 and 13. At Station 7+25, the average of the
four local elongations is 0.016 inch,(éer foot), four times
as great as the overall average elongation noted above. At
Station 10400, the average value of the four local elongations

is 0.002 inch (per foot), or about half the overall average,
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reflecting the pfoXimity ot this station to the center of
dllatatlon, where no elongation would be expected.
B. Settlement ‘

The settlement data obtained from Apple Canyon are
' plotted in Figures 17 through 28.} The curves represented
in these plots were orlglnally very erratlc and for this
reason the obv10usly erroneous polnts, represented by
trlangles, have been omltted from the regression analysis.
The p051tlon of each platform was as shown in Figure 6.

The purpose for collecting settlement data was two-
fold: (1) to determlne the theoretical loads on the culvert
by Marston's Theory; and (2) to serve as a check on the
accuracy of the’ flnlte element method of analysis. Both of
these technlques w111 be discussed in detail later.

| Durlng'the flll construction, the settlement
platforms at the upper elevatlons of Station 19400 were dis-
connected in order to allow the contractor to install a
dralnage structure through the fill. After completion of
the dralnage 1nstallatlon, most of the reconnected settlement
platforms falled, and subsequent readlngs from theose platforms
have 'not been plotted.

c. Soil Pressure Data

As noted prevxously, much desirable soil pressure
information was 1ost due to shearing of the stressmeter leads
.at the end of a condult,leadlng into the culvert due to
embankment settlement during construction. Only those

embankment meters?placed above Station 7+25 provided valid
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pressure readings; In additidn, the meters placed level
with the horizontal diameter at Station 10+00 on the right
also failed tb provide'valid readings. The invert meter at
Station 7+25 §r6vided very low pressure readings. An
inspection hole cut in the invert of the pipe at that
point revealed the presence of a void which had formed
subsequent to placement of the meter, so that pressures
obtained may or may not be representative of the general
pressure field at that level.

Soil préssures from the modified Carlson soil
stressmeters are plotted against £ill height and time in
Figures 29 through 55. The datum for all soil stréssmeters
was established when Ehe f£ill reached 10 feet over the
crown for those meters at or below the crown elevation
and was placed at 21 feet above the crown for the upper
embankment meters. Pressures below these datum planes
were determined from prior readings and polynomial extrapola-
tion. A Fourier_analysis was employed to generate the plots.
Curves of effective density, representing the equivalent
£ill density which would produce the measured pressure under
hydrostatic cbnditions, are also shown on the figures. The

effective density_curves are derived by the relationship:

- AP
AH

where: ED is the effective density

ED x C _ | o)

AP is the change in soil pressure (psi);
AH is the change in fill height (£t);
C is a constant required for units conversion,

14402 in this case.
ft2
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The‘inrerbbleredfbresgurestinen by the Fourier analysis were
used to generdtegrhe effective densities in order to produce
smooth curves. | ‘

The_soii pressure—-£ill height curves appear as
smooth, non-linear functions. No relative maxima or minima
occurred;auring éhe construction period in any of the scoil
pressure piots. .The resulting effective density functions are
nearly llnear durlng the constructlon period but become non-
llnear after the maxlmum overflll is reached at each station.
Soil pressures acquired prior to the assumed datum elevation
were used in polyhomi51 egrrapolation procedures to generate
the pressure-filf height fundtions with respect to the actual
meter elevatlons._ |

The pressure-flll helght plots for Station 10400,
Figures 29 through 40, indicate small discrepancies between the
interpolating fuﬁdtion values and the actual zero pressure.
The.magnitudes of these discrepancies serve as a measure of the
accuracy of the inrerpolating functiens used to generate the
plots. The flrst section of each plot represents the variation
in soil pressure durlng embankment constructlon. The non-linear

" behavior is due to the nature of the soil mechanical properties

2

which Kulhany, er al (2) have shown to be functions of both
overburden and cénfining pressure. Since the construction
‘period spanned oﬂly about four months, the plastic effects of
rcohe51on and consolldatlon do not greatly affect the soil
.pressure functlons.

The last portions of the plots represent soil
pressures as functlons of time, only. In general, the

pressures continued to increase during the first few months
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following £i11 completion, stabilized tem?orarily and then
exhibited further pressure increases. The initial pressure
increases can be attributed to continued embankment settle-
ment as evidenced by the settlement platform data, roadway
construction at the top of the f£fill and, to some extent, to
consolidation. The period of relatively stable pressures
began between 3.and 6 months after embankment completion and
lasted for about 18 to 24 menths; during which time the
pressures were somewhat erratic, tending to remain constant
or increase slighfly. Mean pressures during the stable
period were 8 to 76 pércent higher than at the time of
embankment completion; with an average mean increase of

39 percent. Final readings taken 36 months after'coﬁpletion
showed further pressure increases ranging from 36 to 103
percent above the values at the time of construction
completion.

Figures 41 through 55, representing the soil
preésure—fill height relationships at Station 7+25, also
show small discrepancies at the zero level. The plots
indicate the sdil pressure behavior during and following
embankment construction and, additionally, the pressures
recorded between the time the fill reached its maximum
elevation at this station and the time of embankment com-~
pletion. During the initial stagerpressure functions
exhibited non-linear behavior similar to that of meters at
Station 10+4+040. .

Whiie constru;tion of the embankment continued
elsewhere, most pressure meters registered increases but at

a slower rate. This behavior indicates definite longitudinal
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distributicn ofgﬁiessurehw;ich has.neen ohsexrved in other
flexible pipe 1nstallat10ns and, to some extent, in rigid
arch culverts. Only one meter, at the upper right octant,
registered any pressure decrease. These pressure changes
occurred over epprcximately one month and ranged from a

5 percent cecreese for the'abcve mentioned meter to a

64 percent 1ncrease for the adjacent meter at the right

end of the horlzontal dlameter. The average pressure increase

i
I

was 35 percent.

Follow1ng embankment ccmpletlon, the pattern of
continued pressure_lncrease, subsequent, temporary stabiliza-
tion and then fufther increases was also evident for many
meters at Station 7+25. As at the previous station, the
period of relatiuely stable pressures commenced 3 to 6 months
after completlon and contlnued for 18 to 24 months. The
pressures durlng the stable period also tended to be erratic;
exhrbltlng meen increases ranging from 43 to 96 percent higher
than the embenkment completion values. The average increase
in mean stable perlod pressures was 61 percent. After 36
months most 1ndlcated pressures had risen, registering increases
of between 37 anc 143 percent, with an average of 82 percent,
higher than the embankment completion pressures. Table 2

contains comparisons of the soil pressure readings at various

" times during the data acquisition period.

Profiles of soil pressure at various times during

" the data acquisition period are depicted in Figure 56. Due to

the above mentioned void discovered at the invert meter
peosition at Station 7+25, the profiles contain dashed lines

which indicate péssibly erroneous data.
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The pressure distributions for the two test stations
differ significantly. At Station 10+00 the distributions
were fairly uniform, having a single relative minima at the
upper right octant point. Station 7+25 exhibited two relative
minima, one at the left and the second at the right upper
octant points and a less uniform distribution. Maximum
lateral pressure occurred at the right end of the horizontal
diameter for all cases at Station 10+00 but at Station 7425,
maximum lateral pressures during fill construction occurred
at the left side. The general shape of the pressure profiles
at each station remained essentially unchanged throughout the
data acguisition period.

The asymmetric nature of the pressure distributions
is typical of other prototype installations studied in
California (7, 8. 9). Soil pressure meters are subject to
many 1naccurac1es due to thelr p051t10n and mannexr of place-
ment, local fill heterogeneity and 1dlosyncra01es in operation.
This is graphically demonstrated in the case of the invert
meter at Stétion 7+425. Notwithstanding this, however, the
validity of the pressure profiles and variations betwéen the
two test stations may be explained in several ways.

The absence of anomalies in the pressure~fill
height functions supports the agssumption of wvalid readings.
All meters indicated the same general characteristics
relative to f£fill height and time. Data scatter which occurs
in.the time portions of the pressure plots may be attributed,
in part, to seasonal variations in soil moisture content. In

- addition, the pressures registered by adjacent'meters agree
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with one anéther;ﬁ‘Nohe‘bf'tﬁe meters exhibited readings which
weré vastly diffeéent from others of similar orientation.
' Asymmet?y of pressures can be partially explained

by the fact that ﬁhere are two pipes in this installation.
If a pléne 6f sym;etry wgré to exiét, it would occur midway
bétweén the.pipeéfand COrfesponding meters on the two pipes
would indicate idéntidal péessﬁ}es. Comparison of appropriate
meters revealed Eiat such syﬁmetfic pressures were not present
at Station‘7+25 bﬁt did occur at Station ld+00;

| The disﬁlacement study, discussed above, provides
an explanation'fd; this asymmetric behavior. Station 7425
éxhibited signifiéaﬁt leftward movement and; if both pipes
move at neatiy thé.same rafe, passive pressures are generated
at the‘léft side Ef'each bérfel while active pressures are
developedron tﬁe‘¥ight sidés. The larger pressures on the
left sides énd sééller pre;éures on the right sides tend to
confirm this'hypé%hesis. At Station 10400 lateral motion
was only about 25ﬁpercent of thaf at Station 7+25, pfobably
due to its proxiﬁity Eo the center of embankment dilatation
and its distanceffrom bends in the pipe, and horizontal
asymmétrj was sijhificantlf reduced.

A fﬁrtﬁ;r explanation for the discrepancies between
the horizontal meiérs at Station 7+25 is found in the dis-
placed shape of Eﬁe pipe. From Figure 12 the right end of
the horizonfal df@meter remained virtually undeformed with
_respect to the iﬁ&ert while the left end exhibited almost all
of the horizontal movement. Thus, passive pressures would

be developed at the left side while the right side meter would
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register at-rest values. This behavior, coupled With the
actioﬁ due to laterél motion, would produce high pressures
at the left sides of each pipe, a low value at the right
side of the left pipe and, depending on the displacement
characteristics of the right pipe, its right.side pressure
may be larger than or equal to that of the left pipe. At
Station 7+25, this behavior was noted with the. right side
of the right pipe indicating a preésure initially smaller
and ultimately larger than the right side of the left pipe.
Effective densities are also depicted on the soil
pressure-fill height plots, Figures 29 through 553. Relative
maximum densities were recorded at the beginning of fill
construction in most cases (see Table 3). At Station 10+00
effective densities decreased slightly during the construction
phase, with an average decrease of about 1l percent. Sub-
sequent readings taken after fill completion show increased
densities commensurate with the pressure increases occurring
following embankment completion. Effective densities in
excess of the actual density as determined by compaction tests
were observed in the majority of cases after 36 months. The
highest recorded dénsity, 238 pcf, was measured at the lower
left octant point. The average density increése bétween the
time of fill completion and 36 months thereafter was 54 percent.
At Station 7+25 ‘the effective density decreases
averaged 27 percent during embankment construction. In the
interval between the time maximum overfill was reached at
this station and the completion of construction, most of the

effective densities increased by an average of 28 percent.
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Folloﬁing embankﬁént complétion the effective densities

- édhtihued to incfease as the soil pressure increased. The
densities calcula#ed'at 36 months after fill completion
averaged 86 percént above fhose at the time of reaching
maximum ovérfillj: - '

Typical:profiles of effective density around the
léft pipe are deéicted in Figure 57. The octant poin£
values were deteﬁmined frém the soil pressure—-£fill height
fﬁnctions, and Fdﬁrier anéiysis was used to construct the

--;profiles. Theseé%iots differ from those previously
published in Reféfence 17 due fto subsequent refinements
in the method ofiﬁata reddctioh and plot generation.

In genérél, the:profiies,exhibit shapes similar
to thbsé for preésure. At Station 10+00 crown vertical
densit}es are nearly equal to the soil hydrostatic density,
120 pcf. The invert vertical density is somewhat higher,
probably caused 5y paSsive soil pressure generated as the
fill and pipe seﬁiied intq;the foundation material. The
maximum effectivé}density was oriented laterally and
occurred at the fight end of the horizontal diameter where
the two pipes aréfclosest.‘ This density, averaging 153 pcf
duriﬁg fili éonstruction was also probably caused by passive
soil pressures. {The asymmetric density distributions are
direétly attributable to the pressure distributions discussed
previouslyi “

'ﬁffectiﬂe'denSity distributions for Station 7+25
exhibit a somewhﬁt symmetfical nature but are much less

uniform than thoée of Station 10+00. The largest observed
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dénsity, 191 pcf, occurred At the crown and was about 1.6
times larger than the maximum density determined by.com-
paction tests. The invert density, however, was quite low
due to the above mentioned void between the pipe and bedding.
The highest density occurred at the lower lefﬁ octant,
averaging 179 pcf duriné construction of overfill at this
station. The high density present at the upper left octant
of Station 10+00 was not noted, indicating, for lack of
suitable evidenee to the cdntrary, that one of the two
corresponding meters may not have vielded repreéentative
pfessures. |

The exterior prism effective densities are also
of interest; At Station 7+25, where all soil stressmeters
functioned, the exterior prisms exhibited lower vertical
effective densiﬁies than.did the crown or interior.prism.
Only one exterior prism éOil stressmeter functioned at
Station 10+00 and it also indicated a lower vertical
effective density than did the crown meter. These readings
indicate a differential settlement such as may be expected
when the relative rigidities of the soil and culvert are such
that the culvert cfown settles less than the exterior prism
consolidates.

D. Culvert Strains

The strain gauges at Apple Canyon functioned well
over the three—year span of data acquisition even though the
gauges were placed in a moist earth environment and in many
cases were submerged under water. None of the gauges failed

during the construction period, and only six gauge circuits

had shorted out two years after embankment completion.
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Evidence of the féliagiiig§‘of the strain gauge data is seen
in the'linéarityi%f the strain patferns across the corrugated
wall at every seé%ion.

Transvé}se embankment dilatation which produced
spréading of the'abints iﬂ:concrete pipes and arch culverts
and stretchihglofffleﬁible culverté in previous tests was
aléo'evident at S%atidn 7+25. In:general, each of the inner
. and outer.longituainal'éroWh gauge elements exhibited com-
pressive‘stréins ﬁh;lé thé corresponding valley elements
éxhibited tension: This péttern was not evident at Station
| 10400 until the fiil had ;eachéd 120 feet above the culve;t
Crown. ;

'Strain”%ross—SeétiOns for Station 10+00 at a fill
height of 55 feeﬁiaboﬁe the crown are depicted in Figures 58
through 67. The'iinearitf¢ofucircumferential strain patterns
is-evident and tyiifiqs the pattérﬁs for both test stations
throughout the ddta adquigition period.

. Figureslss through 83 depict typical variations
in strain as funéyions of Fill height and time. The smooth,
non-linear étraigbbehaVior”is readily apparent.

circumférential'and longitudinal stresses in the
pipe walls were délculate& using the equations,
£c = E (e +p e ) (2)

| £L=E (peo t e ) (3)
where:"f;’and.fﬁ_are:the‘bircumférential and longitudinal
stress; respecti\;'gly;‘ec aﬁd« ¢ are the circumferential and
longitudinal strﬁins;:E is" Young's modulus which was assumed
rto be 25;000,000:bsi for the analysis and u is Poisson's
ratio, having an assumed value of 0.285. The effects of
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lecal yielding_were ndt included in the strain data'réauction.
The equations forrstress and circumferential pipe moments and
thrusts are presented in Figure 84.

Tensiie tests performed on coupcns obtained from
the corrugated'pipe material are summarized in Table 1l2a.
Half of the specimens weéere tested prior to being cold-rolled
to form the pipe curvature, the remainder being tested after
rolling. The tested coupons exhibited yield stresses in
excess of the specified ultimate strength. Actual ultimate
strengths ranged from 38 to 70 percent higher than the
specified minimum value. The effects of work hardening
induced in the material due to cold—rolling are demonstrated
‘by.average yield and ultimate stréngth increases of 33 percent
and.l4 percent, respectively. Ultimate elongations ranged
from 15 percent larger to 28 percent smaller than the
specified minimum value.

Table 13a presents a record of those strain gauge
positions at which yield strains were recorded during the
data acquisition period. Strains commensurate_with the
actual yield stress level were recordéd at Station 10+00,
only. Initial yield in the circumferential diréctibn was
observed at the invert when the maximum overfill was reached.
Subsequently, circumferential Yield spread to theliower left
octant point, the right horizontal diameter and the crown.
Longitudinally, yiéld strains were observed at the cfown at
various times following embankment completion.

Strains commensurate with the specified minimum

yvield stress were measured at both test stations during
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embéﬂkment.cbns£gﬁqt16n. Giable 13b presents a record of
where such straiﬁé were observed.j At Station 7+25, such
strains were firgt recordedlin the circumferential direction
just below the léft horizontél diameter with about 50 feet
of overfill and at the invert with about 52 feet of f£ill.
Thésé poinfs cdrfespohd‘té areas which exhibited large dis-
placements. Subsequently, yielding spread to nearly the
‘entifé plate depﬁh at theée points and toward adjacent
octants. Some sérainrrédiétribution was observed as the
specified yiéld éécurred at adjaéent points. Longitudinally,
specified yiéld %trains first occurred at the lower left
octant point aftér the maﬁimum fill was reached but prior

to embankment'coépletion.j Such strains were confined to

the lower left octant and the invert throughout the data
acquisitibn périéﬁ. The rémaining'octant points maintained
strain levels beioﬁ'éhe minimﬁm yield level although some
strains approached that value.

At Station 10%00 strains first approach the minimum
vield stress valﬁe simultéheously at the invert and lower
righf octant witﬁ”about 63 feet of overfill. Strain levels
conﬁinued to incfease at 511 octant points, the entire
circumfefénce re&ching thé specified yield level within 18
months ;fﬁer'congtructioanas completed. Longitudinally,
specified yield étraihs first occurred at the crown with
about 120 feet of'fill, aﬁd at the invert within 2-1/2
months“after fili comﬁletion. Thirty-six months after con-
stfuctiqn completion,'lonQitudinal strains in the yield range
were still confiﬁed to the three upper octants, the invert

and lower right octant point.
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Pipe section and material properties were used iﬁ
conjunction with the strain data to compute circumferential
moments and thrusts. Section properties were calculated
from the dimensions of the corrugated pipe walls. Specifi-
cations reguired a minimum seam strength of 250,000 lbé;
which was well above the maximum calculated thrust of 167,883
1bs. Maximum recorded moment was =-145,182 in-lbs, at 36 months
after construction completion.

ASSESSMENT OF CURRENT ANALYTICAL AND DESIGN TECHNIQUES

A. General

Current design techniques include methods for
predicting overburden pressure and deflection, for developing
adequate seam strengths, for providing a sufficiently rigid
section to méintain their shape during transport and installa-
tion and for predicting deflections from a theoretical soil-
structure model. Any or all of these methods may be used
during the design phase. The following is a comparison of
the result of each method with the experimental data obtained
at the Apple Canybn installation. In addition, two analytical
=techniques, the Neutral Point Analysis and the method of
Finite Elements will be applied to the culvert installation.

B. Marston-S8Spangler Theory’

Dean Anson Marston of the lIowa Engineering Experi-
ment Station developed a theory for loads on underground
conduits. Profesgpr'M. G. Spangler, also of the Iowa
Engineering Experiment Station has utilized Ehié theory to
predict deflections in flexible culverts. These theories

are often used in conjunction in the design of culverts;
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" 1oads calculated from Marston's theory being used to predict

deflections by Spangler s method.;

Marston 5 theory con51ders the dlfferentlal settle-
ments of the interior and exterloé soil prisms above the
conduit and the resultlng transfer of load by shear alcong the
prlsm 1nterfaces.‘ Culverts are cla551f1ed according to their
‘beddlng and backflll'conditions and subclassified based on
two abstract quantities, tne "Sentlement ratio" and the
“plane of equal'eettlement.“ Marston's theory is well
documented in the€literatufe (3,4,5) and will not be
reiterated here.?l

The claesificatfens of interest in this report are
the bosifive anaﬁnegafivefprojecting conduits. Positive
pro;ectlng condults rest on beddlng material at the original
ground level and an embankment is built over them. Figure 85
depicts this condltlon. Negat1ve’pr03ect1ng conduits are
installed in relatively shallow, narrow trenches excavated
in original,gfound and fiil is added above the original
ground;elevaEiOn“(See-Figure 86).

Condui£ subclaseificatione are complete and
incemplete ditch;and projection conditions. "Complete" and
“incomplete“'refef to the position of the "plane of equal
settlement”; thaé'elevation above;which the soil directly
over the culvert'(interior prism);settles the same amount as
the 5011 on elther side (exterlor ‘prisms) . For‘the incomplete

. 1
'condltlon the plane occurs w1th1n the flll An imaginary

plane above the top of the flll characterizes the complete

condition.
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For positiﬁe projecting conduits the pfojection
condition occﬁrs when the top of the conduit settles less
than the soil suxrounding the culvert. This behavior is
characterized by a positive "settlement ratio" which is "the
ratio of the difference between the settlement of the critical
plane (the horizontal plane at the conduit crown in this case)
aﬁd the top of the conduit to the deformation of the fill
material adjacent to the conduit.” A negative settlement
ratio signifieé a ditch condition.

A slightly different definition of settlement ratio
is used for negative projectinj conduits. In this case the
critical plane occurs at the top of the shallow trénch in
which the pipe is installed and the settlement iatio is the
ratio of the difference between the settlement of the critical
plane and the top of the pipe to the consolidation of the
interior prism‘below the critical plane. Only complete and
incomplete ditch conditions apply for negative projecting
conduits. '

The Apple Canyon culvert was placed in a shallow
trench having sloping sides excavated in original ground.
Ordinarily, this type of construction would be classified
as.a negatiﬁe projecting condﬁit. However, since the
trench was very shallow and quite wide, the positive
projecting conduit case may be moré applicable. When
such conditions are found during design, the case which
predicts the smaller crown load governs. Therefore,

vertical crown loads were calculated for both cases.
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éénéraily; Marsten's theory is applied to single

conduits: Howevef, at Apple Canyon two pipes were installed
"having four feet éf fill between them. The proximity of
Jthe pipes makes it difficult to analyze each one separately.
Therefo;e, to apply the theory to thlS culvert, a representa-
tiﬁe value’ fqr the condult w1dth had to be chosen. There are
only three 1ogical choices available:

1. The Wldth of one pipe;

2. -The wzdth of tﬁo pipes:

3. The w1dth of two pipes. plus the soll fill between

them.
The second choice’yielded the best correlation with the
experimental data;_‘Therefére, the culvert width was set at
eiéhteen feet. ‘: |
The pOSltlve proﬁectlng condult equatlons applied

at Statlon 10+00 ylelded a plane of equal settliement at
between 12 and l4hfeet above the crown and a positive settle-
ment ratio, lndicatinq that for fill heights below 12 feet
the complete projection cohdition controls while above 14
feet the incomplete projectien cendition is applicable.
Table 4 presents the results of the positive projecting
conduit analysis ia_.nd a comﬁiarison v;rith experimental loads
assuming a zero d;tum 10 feet above the crown. The
differences between the adjusted theoretical solutioh and
the experimental loads averaged ~-21.5 psi for points below
the top of the embankment. After embankment completion the

theoretlcal loads’ remalned'nearly constant while the
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‘ experimentai loads cbntinued to increase as discussed above.
Theoretical and experiméntal data are compared graphically
in Figure 87.

The negative projecting conduit incomplete ditch
condition eqﬁations applied at Station 10+00 produce very
good correlations. Tabulated results are given in Table 5.
The plane of equal settlement is assumed to occur at the
top of the trench, about one foot above the culvert crown,
as a result of the zero settlement ratio. The average
difference between the theoretical and experimental crown
loads was only 1.4 psi. The readings taken after embankment
completion do not correlate since the theoretical solution
is a function of increasing fill height, which height remains
constant after construction. Figure 88 depicts the experimental
and theoretical crown loads as functions of £ill height and
time. | |

‘At Station 7+25 the positive projecting conduit
case incomplete ditch conditibn yvielded valid crown loads
for the fil; construction period. After embankment com-
pletion, the incomplete ditch condition controls but does
not predict the loads accurately. During construction of
the embankment.over this station the average difference
between theoretical and measured loads was ~3.8 psi.

Between the time the maximum overfill was reached at Station
7+25 and the embankment completion date, no f£fill was added
over the crown and, consequently, the theoretical loads, which

are a linear function of fill height, remained nearly constant
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throughout Ehé fé%éiﬂder df the eﬁbankﬁent construction
period.while expéiimental loads iﬁdreased. Following
construction_compietion, the theofetical loads are quite
erratic due to anémolies in the séttlement ratio value
prOdﬁced by erratid settlement reédings and do not correlate
.with the'measuredtcrOWn loads. Tﬁe results of this case are
Hgiven in Table G{and depidted graphically in Figure 89.
 As was i_the case at Station 10400, Station 7+25

shows good"correigfioﬁ between experimental and theoretical
loads ﬁsinj the ﬁégative pfojectihg conduit equations for
the period of fili construction o%er this station. The
average'differenéé between theoretical and measured crown
preésure was 4.ljpsi. Foilowing maximum overfill at
Station 7+25 theﬁfheoretidél loads remained constant and
'éorrelatibns becéﬁe very poor. Table 7 lists the results
of this case. CShparisoné of measured and theoretical crown
pressufes are deéicted in Figure 90.

As illuétrated in the aforementioned figures,
Marston's theory‘hay be uéed to p;edict'crown pressures which
occdr'during fili'construqfion. However, post embankment
completion preésdierghangéé‘do'hot correlate with experimental
values. For pipe sections under side slopes, crown load
predictions arelinvalid after the fill has reached its maxi-
mum elevation oveér that station but prior to embankment
cdmpletion;“Thié_ié primarily due to the linear relation-
ship betﬁeen"fili:heiqht and theoretical crown load as
discussed above.fj T

dnce crown loéds have been predicted for the

maximum overfill applied to the culvert, Spangler's method



may be used.for determining the appropriate wall thicknesé
of the culvert. Spangler's theory is based on the premise
that culvert deflections should control the design of
flexible culverts since excessive deflection produces pipe
collapse without accompanying rupture or buckling of the
barrel. Such failures have been found to occur after the
deflection reaches about 20 percent of the nominal pipe
diameter. Suggested design criteria require that the
deflection be limited to about 5 percent of the nominal
pipe diameter, thereby producing a safety factor of 4.

The basic assumptions embodied by Spangler's
deflection theory are: (1) the pipe is initiaily circular;
(2} loads are applied Symmetrically about the horizontal
and vertical axes; and (3) thin ring theory is applicable
to flexible metal culverts; and (4) the radii of curvature
of the unloaded and loaded rings are nearly equal. With
these aésumptions and Spangler's hypothetical distribution
of peripheral pressure on the culvert, as depicted in
Figure 91, the horizontal deflection of the culvert can
be calculated by the formula,

AX = DL ———————=————— (4)

EI + 0.061 E' r3

where: AX is the horizontal displacement of one end of the
horizontal diaﬁeter; D is the deflection lag factor (the
ratio between instantaneous and final deflection under a
given load); K is a constant whose value depends on the
angle the shaped bedding makes with the pipé vertical axis;
Wo is the crown load calculated by Marston's theory;‘L is

the nominal pipe radius; E is Young's Modulus for the pipe
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material; l.is the moment of inertia per unit length of the
cross—-section of the pipe wall and E' is the modulus of soil
reaction of the ehveloping'earth. The constant K is

evaluated by the expre851on,

K=05sma—0082 sine + 0.08 -2 - 0.16 sina (7 -a)
sing
- 0.04 EH.‘—-%E+ 0.318 cosa - 0.208 (5)
s1ina

where: a is the angle of ﬁedding.' Suggested values for the

deflection lag factor, DL, range from 1.25 to 1.50. Spangler (6}

suggested that a value for E' of 700 psi be used if at least

90 percent of the standard Proctor density. can be achieved in

the side- flll 5011 for at least two plpe dlameters on each

side of the plpe._ The Federal Highway Administration design
 criteria ﬁsee QL';‘lQS and E' = 700 psi for good backfill at

85 percect of stahdard Prcctor density and DL = 1.25 and E'

= 1400 psi for excellent backflll at 95 percent of standarad

Proctor den51ty.k‘Data from other publlshed tests (6) indicate

a wide variation‘;n the values of E' ranging from 230 psi to

8000 psi.
| | The installatioﬁ:at Apple Canyon does not meet all
the criteria established b} the assumptions pertinent to
Spanglerls theorf; The loading conditions applied to the
pipe cannot be sihmetrical about the vertical axis of a
single culvert bé}rel since, if a plane of symmetry were to
occur; it would fall midﬁaj between the two pipes. Further-
more, there is néthing to‘suggest from past tests conducted
in‘California (1:5,8,9) that a plane of symmetry occurs in a
single barrelled;cultert. :In.addition, the two culvert

barrels were eloﬁéated by about 5 percent in the vertical
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direction pricr to installation.

Nohetheless, Spangler's theory will be applied to
the Apple Canyon Culvert to determine the extent to which
it agrees with the experimental data. For this analysis
the Federal Highway Administration criteria for D = 1.50
and E' = 700 will be used. The bedding angle of 45° results
in a K value of 0.096. Crown pressure calculated from
Marston's theory will be used as input. Spangler's
equation contains total crown load, W,, which may bhe related
to crown pressure by,

e (6)

P

v 2r
where Pv is the soil pressure acting vertically downward
over the horizontal projection of the culvert. Appropriate

substitution into Equation (4) yields,

Ax o _20LK Py il (7)

EL + 0.06IE' r3
In addition, the modulus of soil reaction, E',

will be determined by two methods. The first involves re-

arranging Egquation (7) to the form,

_2 DL K P, - EI AX
0.061 1> AX

E' (8)

The second method is derived from Spangler's assumed distri-
bution of lateral loads as depicted in Figure 91 wherein

the maximum lateral pressure, PH' occurs at the horizontal
diameter and has the form,

P:iéi

(9)
H 2y



where E', AX and r are as defined above. Solving for E'
yields,

B' = o—-f- (10)

Expérimentally de%ermined Galues for Pt Py and AX were
used to calculate?E‘. |

Taﬁlé's preééntswa comparison of the elongations of
the horizqntal diéméter as calculated by Spangler's theoxry
and thg experiﬁéﬁ%al.diameﬁer changes measﬁred at Apple
Canyon. In this Eéble, calculated AX values during the fill
constfuction'pefieds are based on a deflection lag factor of
1.0, since measﬁred defiectiqns ére instantaneous values.
Foilowing embankmént complétion, a deflection lag factor of
1.25 is used. Loéds developed for negative projecting
conduits Were useh at Station 10+00, correspbnding to the
best fit with theféxpérimeﬁtal data. At Station 7+25, the
positive prbjécti;g conduit loads, which best fit the
experimenfal data; were uséd; Displacements calculated
for Station 10+00 were 244 to 504 percent higher than the
experlmental dlsplacements, with an average of 311 percent
during constructlon, 268 percent follow1ng completion and
an overall average of 292 ﬁercent. Theoretical displacements
‘for Station 7+25 ﬁere aiéo much larger thah the experimental
values, ranging from 280 to 699‘percent higher. During
placement of oveﬁfill at this station theoretical displace—>
ments averaéed 560 percent larger, following completion at
this station but prlor to construction completion the average
theoretical values were 400 percent higher and following
construction Spahgler's deflections were 288 percent higher
with an oveiallaéverage’of;381 percent larger;
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Application of Spangler's deflection equation yields
very conéervative results when an E' of 1400 psi is used. The
direct application of this theory would predict a maximum
deflection at Station 10400 of 5.6 inches which represents
about 5.2 percent of the nominal pipe diameter which is
slightly greater than the design criterion of 5 percent
deflection. The actual maximum horizontal deflection observed
at Apple Canyon was only about 1.6 inches which suggests that
the assumed value of E', the only variable subject to
significant change due to installation conditions, is
probably too small. |

Hence, the values of E' actually observed at Apple
Canyon were calculated. Actual crown pressures and horizontal
displacements were used. The deflection lag factor was assumed
to be the average value.of the ratio of horizontal displace-
ments observed at the'time of £ill completion and 24 months
thereafter, being 1.32. Table 9 contains the values of E' as
calculated by the two methods discussed above.

Calculated values of E' using the deflection formula
method were quite erratic. At Station 10+00, where both sides
of the pipe moved oﬁtward, E' ranged from about 28,000 psi to
over 46,000 psi, averaging 37,700 psi. At Station 7+25,
where one end of the horizontal diameter exhibited almost all-
the observed movement, the resulting E' values do not appear
to be valid since the right side exhibited values averaging
911,883 p=si while the left side values were only 8,425 psi,
or about 108 times smaller. Similar results were observed
when the assumed pressure distribution eguations were employed

to calculate E'.
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Since £ﬁe beha%igr of the culvert barrel at
Station 7425 doesinot correspond to the tvpe of motion
hyporhesized by Sgangler,-it'is reasonable to disregard
this station in deterMininé the value of E' which should
have been used for de51gn. In addition, the data obtained
do not include tangentlal pressures which are required in
order to verify Spangler s hypothe51s. Therefore, if it
is assumed tha£ ééangier'sﬂdeflection theory could be
used at Apple Canyon, an approprlate E' value would be
between 37 700 p31 and 23,500 psm, the low value resulting
in the most conservatlve de51gn.

It is belleved that the large differences
between theoretlcal and observed horizontal displacements
- and the large E' values can be attributed to the confine-
ment afforded by rhe trench in which the culvert was
placed; iThisqcoﬁ?inement‘fended to limit horizontal dis-
placementAto.a‘gr;ater extent than would the normal positive
projecting instaiiation; : |

Initiai’pipe ellipticity may have been an
additional'factorsin ﬁroducing the discrepancies between
theoretical and ogserved displacements. Spangler's original
derivation of the%Iowa Defiecrion Formula (4) assumes pipe
radius, r , is a constant w1th respect to the angle of
orientation as measured from the vertical, @. Thus, the
incremental plpe arc length, ds, is given by

ds—rd¢ ‘
- Ifr is a-functioi of ¢} as in the case of an ellipse, it

can be represented by

F=rg + Ar §(¢)
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where o is the nominal radius, Ar is the change in radius
between a circle and the ellipse and f(¢) is some function
of @. Substituting into the equation for ds yields,

ds = ry d¢ + Ar f(¢4) do
For small valves of Ar, up to 5 or 6 pe.rcent of r,, the
arc length of the ellipse and the nominal circle defined
by ry can be considered equal. As this was the case at
Apple Canyon, the effects of the initial vértical elongation
are considered negligible. This is especially true when
compared with the effects of loading asymmetry.

C. Ring Compression Theory

Another design methed frequently used for flexible
culverts was develoﬁed by White and Layer, calied the "Ring
Compression Theory." This technique approximates the stress
in the culvert barrel as the total weight of the overfill
above the CulVert'and-requires that the ring be designed
to carry this load. The equation for ring compression

load per unit length-is,

T=ryH (11)
where:
T is the ring compression load, per unit length:
r is the pipe radius;
y is the soil density;
H is the overfill height.
A safety factor of 4 is usually applied to the ring com-

pression load for design.
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At‘Aépié Canyon the measured vertical effective
density was 120 ptf and the radius was 4.5 feet., Figures
92 and 93'represent the ring compression results and the
experimentally determined vertical thrusts as functions
of £ill height aﬁa time. Station 10+00, Figure 92,

‘indicates that ring compreésion vielded smaller thrusts

than ﬁere actually meagured, The discrepancy between the

ring compression theory and experimental thrusts was -26.4
percent. Figﬁre 63, for Station 7+25, shows that for the lower
£il1l height, ring compression theory is conservative, averaging
about 58 percent ﬁigher thrusts thén were calculated from

the measured stfains.‘ »

An alternate anéiyéis substituted the crown pressures
calculated from Marston'é théory for the £ill height and soil
density in equatién, yielding,

T=rE, (12)
where: ;

T is the W€il thrust;

r is the piée radius;

P, is the crown pressure from Marston's theory.

The theéretical thrusts using Marston's crown loads
are also depicted;in Figures 92 and 93. As in the previous

analysis, theoretical thrusts at Station 7+25 were conserva-

thrusts. 'At Station 10+00, however, theoretical thrusts
were initially conservative for low fill heights but became
progressively sma}ler with respect to the measured values

for higher fill heights, resulting in a maximum thrust which
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was aboﬁt 48 percent lower than the measured values and an
average theoretical thrust about 15 percent too low.

As a check on the suitability of the ring com~
pression method, measured crown pressures were substituted
for Marston's'crown.pressures in equation 12. The results,
also depicted in Figures 92 and 93, are similar to those of
the previous analyses. At Station 7+25, the ring compression
method vields conservative thrusts at all f£ill heights, while
_at Station 10+00 the resulting thrusts are smaller than the
measured values.

D. Flexibility Factor

Flexibility factors are used as indicators of
rigidity of the culvert section. A maximum factor is con-
sidered necessary to insure that the culvert section will
maintain its shape during handling and installation. For
6—-inch by 2~inch corrugations, the recommended factor is
0.0200. The formula for flexibility factor is,

pr= D2 (13)
EI
where:
D is the pipe diameter;
E is Ybung's modulus;
I is the moment of inertia of the cross-section.

The 3/8-inch plate sections at Station 10400 had
a flexibility factor of 0.00014, which is considerably
smaller than the maximum aliowable value. At.Station 7+25,

where Number 1 gage plates were used, the factor was 0.00020,

again, well below the recommended maximum value.
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"E. NeutraliPoint Metfhed

An anaiytiééi teéhnique which may be used to verify

design moments, thrusts ahd shearé when the pipe geométry
and external preésure distribution are known is the Neutral
Poiﬁt Metﬁod.. Eiternal pressure distributions such as the
one pro?osed by épangler or resulting from experiments may
‘be uéedr

| The Neﬁtral Poiﬁt method is an extension of the
"General Method gf Indeterminate Structures," in which a
culvert subjecte& to arbitrary external pressures is made

statically determinate. The procedure involves cutting the

pipe at its invert and subdividing it into a number of small
segments célled ﬂv@uésoirg," each‘of length ds. One end of
the cut ring'is'élampéd to a rigid support, the other end
being attached via a rigid bracket to the centroid of elastic
weiéhts, ds/EI, Sr "neutral point." Exteﬁnal pressures are
described by cdnéentrated loads abpliea at the voussoir
_centroids. RestératiOn o? compatibility after the loads are
applied is achieﬁéd bf the application of redundant forces
at the neutral péint.‘ From these forces and the applied
ioading, mbments; thrﬁsts'and shears may be calculated for
each voussoir. Stresses are calculated from the moments

and thrusts using elastidity theory. Displacements are
determined from the voussoir rotations and do not reflect
rigid bodf'motioﬁ. The theoretical basis for the method
has been reported'in'the literature (1,10). The number of

arithmetic operations required makes a long-hand solution



by the neutrél point method very tediocus. Therefére, a
computer program in Fortran IV language was used for the
analysis.

Davis (1) has demonstrated that the neutral point
procedure is quite sensitive to variations in geometry and
applied pressure. Best geometric representations are
obtained when two semi-ellipses are passed through the five
octant points describing the left and right pipe halves.
Field meaéured coordinates are used to describe the octant
point positions. |
| Vouséoir forces are determined by interpoclation of
a Fourier series passed through specified octant point
pressufes. For the analysis described herein, field measured
pressures, based on the assumed datum, will be used. The
asymmetric nature of the normal pressures resulted in a net
unbalance in the horizontal and vertical pressures. To
satisfy force equilibrium requirements, tangential forces
must be applied at each voussoir, using actual tangential
pressures, if known,rof by approximation. The approximation
used in thé analysiSfis made by interchanging coefficients
of the first sine and cosine terms of the Fourier series
defining the normal pressures.

iThe pipe may be analyzed by assuming Ehé entire
fill to be in place prioi to the analysis, called the
"gravity turn-on" technigue, or assuming the fill to be
placed incrementally using successive pressure increases
to model the construction. During an inecremental analysis

the pipe shape is modified prior to the addition of each
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successive layer uéiﬁq‘éithef the calculated deformations
or the available odﬁant point‘coordinates. However, since
calculated deforma@ions may be inaccurate, the later shape
modifications are ﬁigferred.’

Distribuﬁion of internal moment calculated by
three methods are ébmpared with experimenﬁal moments based
on the SR-4 gauge strains in Figures 94 and 95. Results of
single léyer,'gravity turn~on analyses with and without
assumeé‘tangential:pressures are depicted by dashed lines
and solid lines, réspectively. The pipe is not in equilibrium
under either of théée load cases; however, application of the
assumed téﬁgentialiforce reduces the total force unbalance.
Invertﬂmoméﬁt discéntinﬁity which occurs in the analysis is
reduced by the addition of tangential forces.

The thiré case depicted in each figure represents
an incremental anaiyéis, each layer having an assumed lateral
pressure, the pipe shape being determined from prototype
measurements. The;incremental analysis further reduces the
unbalanced force Sﬁt does nbt significantly alter the

. calculated moment érofile.

The neut}al-point analysis did not accurately
predict the momentkor thrus£ profiles at either test station.
At Station 7+25, t#e incremental analysis produced the best
correlatibﬁs; théféverage discrepancies between theoretical
and experimental G%lues peing + 462 percent for moments and
+ 87 percent for‘#hrusts. The single layer analysis having

assumed tangentialhforces used at Station 10+00 resulted in




"averade disdfepancies of + 647 percent and + 19 percent for
moments and thrusts, respéctively.

The major reason for such large discrepancies
between the Neutral Point method and the experimental data
is probabiy the paucity of adequate-pressure information.
Since tangential pressures were not determined at Apple
Canyon and the normal pressures, taken alone, did not
produce static equilibrium, the Neutral Point method cannot
be expected to yield satisfactory results when experimental
data are used.

Attempts to increase the accuracy of the neutral
point solutions by averaging the pressure profiles from both
test stations and by forcing pressure symmetry through
averaging pressures about the horizontal éhd‘vértical axes
also proved fruitless.. The reason for such faiiures is
obvious, first because the shape changes at the two.test
stations are very different and secondly because bressure
symmetry about the pipe axes cannét be expeéted at this
installation. Since Spangler's pressure distribution is
also symmetrical, attempts to use that distribution were
not made.

F. Finite Element Method

The method of finite elements may be used to
analyze embankments containing buried culverts. Several
investigators (2, 11, 12, 13, 14) have successfully pre-
dicted the stress and displacement fields in dams and deep

earth embankments using this method. The inclusion of a
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culvert is an>exfénsidn of the embankment analysis wherein
shell elements afé substituted for portions of the fill.

The fiﬁite“element method provides an approximate
sdlutidh to probiéms in continuum mechanics. Basically, the
contiﬁuum (embankment and ¢ulvert in this case) is subdivided
into discrete eléments inter-connected at their nodes. Nodal
poiht coordinate%, element topology, material properties
and.boundary conéitions are $upplied asrinput. Equations
are developed exﬁressing the forces at each node in terms
of the element stiffnesses'and nodal point displacements.
Solution of the tesulting simultaneous equations yields
displacements frqh which stresses and strains may be
calculated. ‘The'fheory_aﬁd application of this method are
well documented ih3thé literature (2, 11, 15).

Finite:élement anaiyses have several distinct
advantages over ﬁhose preﬁiously'discussed. A foreknowledge
of the embénkmenﬁ displacements, required by Marston's
theory, is not nécessary since these are primary unknowns
in the finite eléﬁeﬁt analysis. Likewise, soil pressures
distribution, aséumed by Spangler may be calculated with the
finite elemeﬁt méthod; Thus, this techniqug may be used to
predict soil preésures, displacements, embankment stresses and
'pipe design parameters prior to construction. The only informa-
tion necessary ié a reasonable knowledge of the embankment
geometry, tﬁe cuIvert properties and soil material properties.

Originélly, it was intended that the Apple Canyon
installation wouid be analyzed by the computer program PYPSIT

developed by Brown {(1l). This program was designed to analyze
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incrementally constructed embankments containing embedded
culverts using either Method A or Method B backfill. However,
numerical difficulties were encountered during the solution
of the simultaneous equations, and the use of this program
was discontihued.

A éimilar, incremental, plane-strain, finite element
program developed by Herrmann (16) was obtained. Extensive
modifications were made to include conduits within the f£ill
and to calculate normal and tangential stresses at the soil-
culvert interface. Numerical difficulties are not
encountered since a different equation solvér is used and
the equations are formulated to reduce ill-conditiéning.

Preliminary investigations, using a large mesh
which simulated the entire embankment?Cross—section at
Station 10+00, revealed that the embankment behawved
symmetrically about a vertical plane midway between the
two pipes. Displacements were essentia;ly vertical at
about 70 feet on either side of the plane of symmetry.
Consaqﬁently, subsequent analyses were performed using a
reduced mesh encompassing the f£ill bounded by the plane of
symmetry midway between the pipes and a vertical plane 70
feet to the left as depicted in Figure 96. The foundation
material was modeled to an elevation of 2,600 feet, about
22 feet below the culvert invert. Since foundation data
were not available, the supporting soil was arbitrérily
assumed to rest on a_rigid foundation at that elevation.
Boundary conditions applied to the mesh sides prevented
lateral motion along both vertical boundaries. The embank-

ment was analyzed in 6 increments, each ceoinciding with a
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data'écquisitibnngevatioﬁj The ﬁirst layver ended 10 feet
above.the culver£ érown and cofresbonds to the zero readings
for all instrumenﬁation. 'éubsequent layers terminated at 34,
55,:80, 1#2 and 160 feet above the crown.

i Much éffort was éxpended in attempting to correlate
theoretical soil bressureé‘and internal pipe moments and
thrists with fieid.meésured data. ' Initial analyses employed
linear elastic prbperties for both the embankment and founda-

_ i

tion materials. Foundation and fi}l moduli were assumed equal
for the fifét'tri%l. ‘Other combinations of f£fill and foundation
moduli wefe alsoﬁfestgd. However, as will be discussed in
detail laﬁer, thé:preésurgs calculated by the finite element
method_did not cé;relate well with the experimental values.

As a ré?ult of the trials using linear-elastic
materihl'propert%és, the finite element computer program
was further modif}ed to utilize a non-linear material |
representation. tThe particular procedure chosen was reported
by Kulhany, et ail, (2, 14) and has been used successfully in
the analysis of_émbankmentsf The procedure determines Young's
medulus and Poissoﬁ‘s’ratio based on a hyperbolic idealiza-

tion of the material stress-strain relationship and the state of

stress existing in the continuum. The governing equations are,

‘ Re (1.- sing) (o = o,}|2 o
E; =] 1. - fg---n—--———————l-——~§ R P, (‘2) n {14)
' 2C cosp+ 2 o3 sin ¢ P,
. 5 oy
i = G - F log (-%)
. ; _2
a (o] - o3) {15}
1. - R (1 - 8ing¢) (o — oq)
£ 1 3
Lo = eSemmem o o e K P (c_ré)“
2C + 2 i
cos ¢ o3 sin ¢ Pa
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where:
E. - tangent modulus;
p; — tangent Poisson's ratiog;

oy ¢+ O3 ~ major and minor principal stresses, respectively;

C - so0il cohesiong )
'¢ - angle of internal friction of the soil;
K - 1n1t1al modulus number (dlmen51onlessL
G - initial Poisson's ratlo;
n - exponent determining rate of variation
with o33

Rg - ratio of ultimate deviator stress (o1 - o3) expressed
by the pure hyperbolic stress-strain function to
the dev1ator stress at. failure;

d - change in Poisson's ratio with conflnlng pressure;

F - change in Poisson's ratio with radial strainj

Py - atmospheric pressure expressed in appropriate units.

The parameters K, Rg, n, ¢ and C are determined from standard
triaxial tests._ Measurements of axial and volumetric strain
must be made during the tests in order to evaluate G, F and d.
Unfortunately, the fesults of extensive soil
sampling were lost due to the resignation of one of the
University investigators. New samples were obtained from
near the surface of the completed £ill. The sample is not
necessarily representative of the entire embankment but
provides the only available information. Triaxial tests were
performed on'the new samples including measurement of axial
and volumetric strains. The evaluation procedure and
hyperbolic material parameters are described in Appehdix A,

Foundation material was not sampled.
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of the'gany Anal§ses performed for the Apple
Canyon instéllatién, fou£ are reported herein, two using
linear-elastic maferial properties‘and two having non-linear
properties.‘ Enumeration of the reported trials is as follows:
Trial 1 - Li#ear elasfic material, foundation modulus

eqﬁai to f£ill modulus;

Trial‘é - Linear elaétic material; foundation modulus
| eqﬁal to 1/4 fill modulus;
rTrial'3 - Noﬂ—lineér ﬁaterial, foundation mecdulus egqual
tqifill modulus;
Trial 4 - Ndﬁ-linéar maﬁerial; foundation modulus equal

to 1/4 fill:modulus.

The finite'elemenf ddta waé reduced with respect to the
prototype instrumentation datum, 10 feet above the crown.
The results from éach incremental analysis of each trial
were compared Witﬁ thé'eXpérimental data for the corresponding
' elevatidn'at Station 10+00. In addition, results from the
Ithird layer of e&éh trial were compared with the data obtained
at‘Sta£ion 7+25 fgr a £ill height of about 52 feet. The soil
pressures resulting ffom each trial are superimposed on
experimentally dé%ermined pressure profiles for Stations
10+00 and 7+25 in Figures 97 and 98, respectively.

~Trial 1, employing linear elastic materials,
inﬁicated good cd;relaﬁion of theoretical and observed
pressures at the érown and both ends of the horizental
'diameter for Staﬁion iO+00. 'The remaining octant points
did not exhibit égod agfeement, with the poo;est at the

inve;t. The avefége pressure difference between calculated
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and observed values was + 18 percent. Theoretical lower
octant pressures ranged from 21 to 25 percent below measured
pressures. At Station 7+25, Trial 1 pressures correlated
closely with measured values at the crown, left horizontal
diameter and one lower octant point, the remaining octants
exhibited significant discrepancies. The calculated pressures
indicated an average discrepancy of + 37 percent.

Pressure discrepancies at the invert were reduced
by arbitrarily decreasing +the foundation modulus to 25 percent
of the embankment modulus. Other trials, not reported herein,
showed that such a decrease mightlim§r0ve the overall pressure
correlation. The invert pressuré was significantly increased,
reducing the discrepancy to about 12 percent at Station 10+00.
The remainihg octant pressures were also increased but to a
lesser extent. The total pressure distribution was not
significantly improved, the average error being + 17.5
percent at Station 10+00. At Station 7425 the average
discrepancy was + 43 percent.

Introduction of the non-linear material properties
in Trial 3 tended to decrease the calculated octant point
pressures. Only the crown and invert pressufes indicated
higher values. Excellent correlations were obsefved at the
upper right quadrant; the discrepancy being about 1 percent.
Tnvert pressure comparison was somewhat improved over the
value from Trial 1. The average discrepancy for this trial
was almost 18 percent at Station 10+00. A similar pressure

distribution was observed at layer 3 (corresponding to a
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“data acﬁuisitionﬁelevationfat;Station 7+25) but with poorer
correlationQ' :

Again,:the foundation modulus was reduced to 25
percent of its Trial 3 value. As in the case of the linear
.material approxination,.tne average pressure discrepancy
was reduced to + 16 7 percent.

_ Dlsplacements, the primary unknowns, are also
reported by the flnlte element program. Results from the
Four reported trlals ‘were compared w1th settlement platform
readlngs, survey data and plpe octant point displacements.
Foundation’éettiements were very small for Trials 1 and 3.
Where the foundation modulus was reduced, Trials 2 and 4,
the differenoe between experimental and calculated settle-
mente was about ﬁb percent.

‘Settlement platfdrm data for the fill above the
pipe were also cohpared with the finite element output.

The linear niaterial model having low foundation modulus
agreeduwith‘the eiperimental values to 16 percent. The
remaining trialsrfndioated differences of between 27 and 181
' percent. Other ihvestigators (12, 14) have achieved good
correlatlons between theoretical and observed settlements
using the flnlte element procedure. In these studies, the
foundatlon conflguratlon and material properties have been
accurately assesééd. Thus, the large differences cbserved at
Apple.Canyon werehexpected since these parameters can only be
dassumed.

Observed oulvert“deformations do not correlate

with calculated displacements. This is also to be expected



due to the proximity of the culvert to the foundation
material. All calculated pipe gquantities are highly
dependent on the foundation properties which are assumed
in these analyses. In addition, the large lateral motions
observed in £he prototype were not evident in the computer
analysis, probably due to variations in the soil backfill
surrounding the barrel. |

Pipe moments, shears and thrusts were also calcu-
lated by the finite element program. These quantities are
determined from the pipe properties, geometry and computed
nodal point displacements. Moments and thrusﬁs generated
during each trial were compared with the experimental
values. Figures 99 and 100 indicate the experimental moment
profile and the results of each finite element trial. In
general, correlations are very poor. In many cases computed
moments were of opposite sign from the experimental data.
At Station 10+00, for a fill height of 160 feet, the four
trials resulted in moment discrepancies averaging about
+ 950 percent. Correlations for Station 7+25, having a
lower fill height were correspondingly smaller. The observed
moment discrepancies may have been due to several factors:
ill-condition of the stress matrices; lack of adéquate soil
property data and soil pipe interface idiosyncracies within
the prototype. Since the calculated displacements did not
accurately represent the actual prototype mdﬁements, the
laﬁer factor would result in poor calculated moments. The
computed thrusts weré subject to errors due to ill-conditioning

of the element output stiffness matrices. Hence, no valid
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thruste were ogtained; Efforts to produce better correla-
tions using caiculated pressures in a neutral point analysis
proved equally frultless.

In summary, the finite element method, although
a poﬂerful analytlcal tool, is only as good as the input
data. For cases where embedded pipes are analyzed, the
material propertiee'surrounding the pipe must be known. It
should be emphésized that analyses by any of the above
technigues preeupposes uniform conditions. Construction
practices empioYed will; in large measure, determine the
actual behavior of the'culvert and may bear little relation-
ship to the structure as analyzed.

CQMPARISON OF:METHOD A AND METHOD B BACKFILL

A. Genefel

prototype culvert having Method B backfill was
constructed at Chadd Creek, in Humboldt County, California (1).
The culvert was a single, 1i4-inch nominal diameter, Number 1
gage; structural steel plate pipe. Method B backfill conditions
Were achieved}by placing 3 to 5 feet of baled straw over the
pipe crown. Three sections were instrumented in a manner
similar to those at Apple Canyon. Figure 101 depicts the

Chadd Creek iﬁstallationt

B. Relatlve Shape Changes
| Culvert deformations at Chadd Creek were determined
in the same mannex as at Apple Canyon. The reduced data may
be found in tﬁe aépendices to Reference 1. Figure 102
through 107,ECOmparing.the changes in horizontal and vertical

diameters produced by Method A with those of Method B,



demonstrate the influence of a compressible inclusion above
the culvert crown. Both installations exhibited herizontal
diameter deéreases and accompanying vertical elongations
as fill is placed around the conduits. This behavior is due
to the lack of confinement above the pipe. BAs the fill
height increases, both conduits undergo shortening of the
vertical diameter. However, Method B backfill exhibits a
second reversal in trend after 20 to 40 feet of overfill
had been placéd, indicating that the baled straw has
become effective in reducing vertical pressure while
lateral pressures continue to increase with increasing
£ill height. This behavior is not present for Method A
backfill. Instead, the verticai diameter continues ﬁo
.decrease as the overburden is increased.

The ﬁagnitudes of the vertical deformations for
Method B backfill_are conéiderably'smaller than those of
Method A. At the time of fill completion, one test station
at Chadd Creek exhibited net vertical elongations of 0.19
inch, another showed no nét vertical dimension-change while
the third exhibited a diameter decrease of about 0.35 inch.
At a fill height of 60 feet, Method B backfill produced
vertical elongétions at two stations and shortening at a third.
The magnitudes.of these changes averaged 0.17 inch while at
Apple Canyon both test stations exhibited vertical diameter
decreases averaging l.OOrinch. Final deflections at Apple
Canyon averaged about 2 percent, those at Chadd Creek, about
0.5 percent} neither of which'e2ceed the 5 percent maximum

value suggested by Spangler as a practical limit.
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C. Soil Pressure and Effective Density

‘Typical soil pressures and effective densities for
the Cﬁadd Creek instaLlations are plotted versus fill height
and t%me in Figures 108 through 11l1. Comparisons of typical
s0il pressure_daéa from the two pfototypes are presented in
¥Figures 112 throﬁgh 117. 'The pressure and density functions
depért radically;from\the.linear nature observed at Apple
CanYon. The eff§¢t of the baled straw over the crown is to
reduééﬂthé effécéiveIOVerburden while allowing the lateral
pressures to incfease withoﬁt restraint. Once the baled
straw becomes suﬁficiently compressed, additional overburden
is transmitted t6.£he pipe producing pressure functions
similar to'thOSe*Qf Apple Canyon.

Effectiae'dénsity functions generated for Method B
backfill are‘highly non—liﬁear in contrast to the nearly
constant funéﬁioﬁs evidended for Method A. The meters
" located along.thé upper half of the pipe registered relative
minimum densities for fill: heights at or slightly below the
top 6f the baled:étraw. Corresponding densities for the
five meters at and beiow the horizontal diameter exhibit
relative maxima. This behavior is symptomatic of Method B
backfill wherein the compressible medium causes redistribu-
ﬁiéﬁ of verticalipressure toward Ehe exterior prisms with
a corresponding increase in lateral pressure due to Poisson's
effect. ‘As the fill elevation increases, upper octant
densities increased and lower oétant values remained constant
or decreasea glightly,. Comparisoﬁ of éffective density
profiles for Method'A‘and'Method B backfill are depicted in

Figures 118 and 119.



Soil préssure meters located in the exterior
prisms at Chadd Creek indicated superhydrostatic effective
densities of about twice the actual embankment density.
Corresponding meters at Apple Canyon exhibited subhydrostatic
densities. This behavior indicated the transfer of over-
burden load.to the exteriof prisms under Method B and
+ransfer of load to the pipe under Method A.

D. Culvert Strains

Strains in the chadd Creek culvert were measured
using SR-4 cross gauges placed in quadruplets as depicted
in Figure 4. A compilation of the strain gauge data and
computed stresses, moments and thrusts is contained in the
appendices to Reference 1. Data from tensile tests
performed_on:cbupons obtained from'the pipe material at
Chadd Creek are listed in Table 12b.

Strains cémmensurate with the measured yield
stresé levels were observed at each test station at Chadd
Creek and the positions exhibiting such strains are
presented in Table 13c. Circumferential yield strains
first occurred at the crown at each test station when the
overfill reached 63 to 71 feet. At Station 0-96, where
the maximum overfill was 81 feet, all gauge positions along
the top and left sides and the invert indicated yvield strains
shortly after fill completion. At the remaining two stations,
0+44.and 1+00, where the maximum £ill heights were 89 and 76
feet, respectiﬁely, yield strains were confined to the crown
or crown and upper left octant. Longitudinally, yield

strains occurred at the crown and just below the right
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horizontal diameter when construction was completed at

Station 0—96; only.
Had'tﬂé.pipe material érbperties conformed to the
minimum specified yield and ultimate stress levels, the
gauge positions %xhibiting yield strains would have been
as shown in Tabf§'13d; Ihitial circumferential yield would
‘have occurred agithezbrown at each test station when about
45 feet of overfill had been placed. At Stations 0-96 and
0+44, sﬁrains in excess Qf.ﬁiﬁimum yield strains were
recorded at neafly al1 gaﬁging ﬁositions after construction
wasrcompiéte&. “ht Station 1+00, specified yield strains
were exceedéd aibﬁg the left half of the culvert only.
Longitudinal strains exceeded specified jield levels at
Stations 0-96 aﬁa 1400, only, with Station 0-96 exhibiting
such strains étiﬁost'gauge positions. -
| In_éoﬁfrast to Chadd Creek, specified minimum
‘yield level str;ins; which were identical for both installa-
tions, did not décur until 52 feet of fill had been placed at
Station 7{25, where £hé pipe prope£ties are similar. Yield-
ing was limited;to the invert and left end of the horizontal
diameter. . Yielq:strains in the longitudinal direction at
Statién 7+25 dié‘not}occur until the maximum fill height
had been :eachedjénd about 122 feet 6f fill was in place at
Station 10400. |
7 Strésgés calculated from the strain gauge data
for both instaliations are compared in Table 10 for a fill
height‘ofUGZ feet. These quantities are functions of pipe

geometry and maferial properties as well as the state of
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lcading. Siﬁiiar pipe-préperties are found at Station 7+25
at Apple Canyon; The stresses reported for the Chadd Creek
culvert were averaged for the three test stations, and
linear interpolation between stresses at £ill height of 52
and 68 feet was uséd for the Apple Canyon dafa. Maximum
positive cireumferential stresses for Method B at Chadd
Creek are about 35 percent larger than those at Appile
Canyon, having Method A backfill. Maximum negative
stresses are reduded by only 4 percent using Method A.

The stress gradient, the difference between stress readings
at adjacent octant points around the pipe, are given in
Table 11 and averaged 43 percent lower for Method A, with a
maximum of.46 percent lower.

In order to compare moments and thrusts, the effects
of pipe diameter were eliminated. Experimental thrusts at
Apple Canyon were adjusted by the ratio of the diameters of
the two installations. Moménts were adjusted by the ratic of
the squaréd diameters. Table 10 presents the.thrust and
moment comparison for both culverts. |

. Method A backfili produced lower moments but
larger thrusts than did Method B. Differences between maxi-
um positive and maximum negative moments are negligible but
the maximum moment gradient due tc Method A is about 57
percent smaller than ﬁethod B. Thrusts, however, are signifi-
cantly higher fér Method A and the maximum thrust gradient
was 45 percent larger. Typical moment and thrust profiles for
both installations at a fill height of 62 feet are depicted

in Figure 120.
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'tStressée, thrusts and moments at other fill heights
end follewing emgenkment completion are not directly com-
parabie due to differing conditions at the two installations.
However, from the data obtained at these test sites it is
apparent that the more uniform pressure distribution, lower
stress gradlents and small deflectlons produced by Method A
backflll make thlS method of constructlon superior for
flexlble culverts. It is ant1c1pated that, had a circular
shape been used rnitially; substantial reductions in pipe
;stress and defleetions may have been achieved since the
initial'deflectigns due t6 the placing of £fill around the
barrel would have been sufficient to produce initial |
ellipticity and the uniform pressure distribution would
produce very smail bending stresses.

SUMMARY OF OBSERVATIONS

A. Experlmental Results for Method A Backfill

1. Vertical dlameters 1ncrea5ed as f£ill was placed
around tne_culvert barrel but began to decrease as
£ill washadded above the crown. Horizontal diameters
behaved oppositely and exhibited smaller changes than
the vertical diameter due toc the development of
pessife pressures. Maximum vertical deflection
was_about 2 percent.

2. Soil pressures aré smooth functions of fill height

i
and timel During:fill construction, pressure
lncreases are nearly linear. Following embankment
completlon, pressures contlnued *to increase to a

relatlve;y stable value lasting 18 to 24 months but
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showed subsequent increases of S0 pefcent Oor more
at between 24 and 36 months.

Profiles of effective density are fai?ly uniform
with a maximum difference in density bétween anyv
two octant points of about 46 percent. The
magnitude of the horizontal and vertical densitieé

are nearly egual.

‘Transverse strains indicated that plane sections

remained plane throughout the data acguisition
period.

Longiﬁudinal and transverse strains.vary non-—
linearlyrwiﬁh fill-height and time.

Strains commensurate with the minimum specified
yieid stress occurred near the invert with between
50 andao feet of fill above the crown. Yield
strains were confined to the invert region at
Station 7+25 but progressed to the entire'cross—
section within 24 months after fill completion at
Station 10+00. No structural distress was observed

as a.result of yielding.

B. Theoretical Analyses

l.

Marston's theory of loads on buried conduits produced
good correlations for experimental and theoretical
vertical crown pressures, for the negative projecting

conduit, incomplete projection condition. Following

. embankment completion, the theory failed to predict

observed pressure increases.
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2. .Séaﬁélef‘s IBWa'ﬁeflection Formula for Fflexible

' culverts failed to predict the observed horizontal
aéflect%bns. This fact was primarily due to the
'differéﬁces beﬁwéen the assumed pressure distribu-
tion dé?eloped b§ Spangler and the observed

'préssur%:profile;

3. Values éf E';:thé modulus of soil rgaction,
which Wguld‘tesuit in correct predicted
deflections were very erratic but averaged about
37,700 ﬁsi'for Station 10+00. This large value
can progably:be attributed to the confinement
'affdrdea by the éhallow trench in which the pipe
was inséélled. .it is not believéd that the
initialﬂpipe ellipticity was a significant
factorrih producing the large E' valﬁes.

4. The Ring'CompreSSiOn Theory underestimated the
observad thrustsfat Station 10400 by an average
of 26 pércent but overestimated those at
Station 7+25 by 58 percent. Theoretical thrusts
do not ;nclude a safety factor.

5. The flexibility factors calculated for the
Apple‘cgnYOn installation were well below the

'AmaximuﬁEalloﬁable-values.

6. Neutral’point analyses using normal forces, only,

did not. produce equilibrium. The computed moments
and thfﬁsts did not correlate with the experimental

valuesii Inclusion of assumed tangential loads
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produced éqﬁilibrium‘but failed to‘prodﬁcé'accurate
moments or thrusts. |

7. Soil.presstres calculated by the finite element
method agreed with measured pressures to within
20 pércent even though available material property
daﬁa were limited. ‘Calculated moments, thrusts
and displacements did not correlate as well with
experimental data.

C. Comparison of Method A and Method B Backfill

1. Vertical and horizontal diameter éhanges were
smallexr for Method B than for Method A backfill.
Reversals inldiameter changes occurred only once
for Method A and twice for Method B.

2. Soil pressures due to Method A are more uniform
fundtions of fill-height than thpse of Method B.

3. Sﬁperhydrostatic effective densities were observed
in the exterior prisms for Method B aﬁd in the
interior prism for ﬁethod A.

4. Stresses dué to Method A were about 43 percent

smaller than those.of Method B for equivalent fill
heights during construqtion. Yield strains were
obServed at lower fill heights for Method B.
Moments were of approximately the same magnitude
for both methods but the moment gradient for
Method A was 57 percent _lowe;'r:. Method A produced
lérger thrusts and thrust‘gradients.

CONCLUSTIONS

The nearly uniform pressure distribution, linear
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|
pressure—flll helght functwons, and uniform moment gradients
observed at Apple Canyon combine to produce favorable con-
ditions for flexible metal culverts. Control of deflections,
a criticai criterion in cuivert design, was adegquate using
Method A backflll although vertical deflections u51ng Method B

S~

backfill were smaller. The pressdre profiles produced by
lMethod B backflll were much less uniform. With proper
control of the plpe qeometry, bedding, backfill and con-
structlon‘procedu;es, Method A backfill can result in a
uniformly loeded éipe having vefy small bending moments
and adequate defiection cohtrol.

The 51gn1f1cance of high stresses at Apple Canyon
was mihimal. Stresses in eéxcess of the minimum specified
yleld strength of the plpe materlal were noted but no
structural damage was observed.

The methods of analySLS presently available did not
_.predict accuratei& the hehevior exhibited by the Apple Canyon
culvert.' The post;completdon-beheviot cbserved with both
Method A and Method B beckfill are hot predicted by any of
the technicues discussed herein. The ring compression theory
provides a reasonsble destgh approximation for flexible
culverts.: HOWever, it is recommended that soil densities be
1ncreased by 70 percent to account for long~term effective
density increases and that the safety factor of 4 be retained
for design. The flnlte element procedure may provide an
accurate analysls if suffLCLent lnformatlon concexrning the
bedding,’ backflll and foundatlon are available. A more

refined analysis considering soil consolidation theory to
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assess soil'propefties as a function of time'may be necessary
to predict culvert behavior accurately. A three-dimensional
analysis is required to determine the effects of longitudinal
soil pressure distribution.

Based on the research at Apple Canyon and Chadd
Creek, the use of Method B backfill for flexible culverts
is not recommended. Observations at Apple Canyon suggested
a uniform peripheral disﬁribution of effective density as
a basis for design. However, the very large fiber strains
observed demonstrate that significant wall bending moments
may result from small departures from a circular configura-
tion. Such-departures may exist initially or as a result
of conforﬁance of the pipe to a variable pressure distribu-
tion prodﬁced by embankment heterogeneity. Unconservative
designs could result from an assumed uniform peripheral
‘pressure distribution if some degree of shape irregularity
were not considered. With adequate deflection.contfol,
an ultimate design concept can be implemented.

RECOMMENDATIONS FOR FUTURE RESEARCH

The research reported herein describes the behavior
of a flexible metal pipe under serviee conditions only.  The
ultimate behavior of the pipe has not been investigated.

Also, comparisons of Method A and Method B backfill conditions
are hampered by the different conditions which occurred in

the two discussed installations; It is recommended that

~ further research be undertaken wherein an underdesigned,

dummy f£lexible culvert is embedded in a deep embankment.

Method A and Method B backfill conditions should be provided
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to aeeese-the behﬁvior‘of theee two types of construction
under identical conditions. Other bedding and backfill
conditions may aiéd be studied.

'On”subseqoent culvert research projects a method
of determihing taﬁgential forces acting on the pipe should
be developed SO that equlllbrlum condltlons can be assessed.
Moreover, at least 2, and preferably 3, sets of pressure .,
meters should be lnstalled at each test station to account
for soll'QEterogeﬁeity or possible meter failure.

Prior to conetruction, extensive geological studies
should be ﬁﬁdertéﬁen to detérmine the nature of the soil and
rook strata ﬁn&éfiying theﬁiﬁstalletion. Soil samples and
compaction teetsLEhoula:beémaae'at each data acquisition
level dﬁring £ill construction in order to provide an
acourateﬂingication of the actual embankment properties.
Triaxigtheeting;ilncorpofating volumetric and axial strain
measuremehte, mugt be made to provide data on the soil
modulhs‘endrPoiséoh‘s ratio to facilitate analysis by the
Finite Element Method.

An improved finite element procedure should be
' developed which ﬁill dcouretely assess the behavior of the
culvert during coﬁstrﬁctioh and following embankment com-
pletion:' A consolldatlon theory may be necessary to model
post—embankment—comp1etlon c0nd1t10ns.

STATEMENT OF IMPLEMENTATION

The c0nclu510ns developed in this report are
E

presently belng 1mplemented‘1n the design of flexible

culverts in‘California. Design is based on a uniform

R T



peripheral effective density of 140 pcf, the ring compression
theory and an ultimate design concept. Geologic investiga-
tions are now performed on all major culvert projects. The
use of Method B backfill for flexible culverts has been
discontinued. Future culvert installations having high
fills or unusual configurahions will be suppleménted by
results of finite element analyses.

The recommendations for future research are
presently being implemented in a research project entitled,
"proof Testing of a Structural Plate Pipe with Various
Bedding and Backfiil Parameters". This project comprises
an under—designed dummy pipe having Method A and various
types of Method B backfill. Instrumentation will be
similar to that of the Apple Canyon 1nstallatlon except
that 3 sets of soil stressmeters are planned at each test
zone., An extensive program of geologlc investigations
and soil sampling is planned. Theoretical analyses will
be performed using the finite element technique. Improve-
ments in the finite element program will be made in order

to assess post-embankment—completion’behavior.
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TABLE 1

APPLE CANYON SPP

DATA AQUISITION SCHEDULE

Date Sta 7425 Sta 10+00
Elevation | Fill Height Elevation | Fill Height
Over Crown Over Crown

2635 0 2630 0
2/28/66 2645 10 2640 10
3/09/66 2656 21 2656 26
3/16/66 2658 23 2664 34
3/29/66 2674 39 2674 44
4/05/66 2687 52 2685 55
4/08/66 2703 68 2703 73
4/12/66 2703 68 2710 80
4/15/66 2703 68 2730 100
4/22/66 2703 68 2752 122
4/29/66 2703 - 68 2775 145
5/05/66 2703 68 2790 160
7/19/66 2703 68 2790 160
10/06/66 2703 68 2790 160
3/16/67 27013 68 2790 160
6/27/67 2703 68 2790 160
11/15/67 2703 68 2790 160
5/22/68 2703 - 68 2790 160
4/23/69 2703 68 2790 160
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TABLE 5

APPLE CANYON SPP

NEGATIVE PROJECTING CONDUIT

Station 10400

Fill Settle |Plane of | Load Load Adj Exp. Diff
HT Ratio |= Settle | Coef., |W =120pcf | Lload Data
yad Hy . Ce w
10 0 1.35" 0.539 8.1 0.9
26 0 1,35 1.401 21.0 i2.9 13 -0.1
34 0 1.35' 1.831 27.5 19.4 17 =2.4
44 0 1.35" 2.370 35.5 27.4 26 =1l.4
55 0 1.35" 2,962 4ia b 36.8 41 4,2
73 o 1,35' 3.931 59.0 50.9 51 0.1
80 0 1.35' 4.038 64.6 56.5 59 2.5
100 0 1.35" 5.384 80.8 72.7 75 2.3
122 o 1.35' 6.569 98.5 90.4 98 7.6
145 0 1.35° 7.807 117.1 109.0 110 1.0
160 0 1.35' §.614 129.2 121.1 121 -0.1
Avg. 1.4
2% 0 1.35 8.614 129.2 121.1 133
5 o 1.35 8.614 129.2 121.1 158
10 0 1.35 8.614 129.2 121.1 155
18 0 1.35 8.614 129.2 121.1 160
24 0 1.35 8.614 | 129.2 121.1 163
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TABLE 7

APPLE CANYON SFP

NEGATIVE PROJECTING CONDUIT

Station 7425

Fill Settle |[Plane of| Load Load Adj Exp.
Height | Ratio |= Settle| Coef [W=120pcf Load Data Diff.
)’sd He Cc Lar

10 0 1.35 0.539 8.1 0.0
21 0 1.35 1,132 17.0 8.9 10 1.1
23 0 1.35 1.239 18.6 10.5 18 7.5
39 0 1.35 2.101 31.5 23.4 31 7.6
52 0 1.35 2.800 42.0 33.9 40 6.1
68 0 1.35 3.662 54.9 46.8 45 -1.8
Avg. 4.1
77 0 1.35 3.662 54.9 46.8 49 2.2
96 0 1.35 3.662 54.9 46.8 51 -4,2
117 0 1.35 3.662 54.9 46.8 58 11.2
140 0 1,35 3.662 54.9 46.8 56 9.2
155 0 1.35 3.662 54.9 46,8 60 13.2
Avg, 6.3
2.5 0 1.35 3.662 54.9 46.8 63 16,2
5 0 1.35 3.662 54.9 46.8 74 27.2
10 0 1.35 3.662 54.9 46.8 74 27.2
18 0 1.35 3.662 54.9 46.8 75 28.2
24 0 1.35 3.662 54,9 46,8 77 30.2




“ fable 8

Deflection by Sﬁangler's Equation

Station 10400

Station 7425

Fill Ht, ‘ , % Fill Ht. %

& Time Theo. EXpa. Diff. & Time Theo. ExXp. Biff.
26 . 728 — — 21 1.251 - -
34 .954 .158 504, 23 1.382 «173 6%9.
44 1.230 .286 330. 39 2.386 .375 536.
- 55 1.538 «377 308. 52 3.132 .531 490.
73 2,044 495 313. 68* 3.890 .634 513,
- 80 2,240 .604 271. 68 3.952 — —
100 2.800 . 741 278. 68 3.884 . 734 429,

2122 3.414 -932. 266, 68 3.912 .813 381.

- 145 4,058 1.109 266. 68, 3.844 818 370.
160 4,478 1.231 264, 68 3.534 .842 370.

bt 5.598 1.402 299, 2k xx 3.534 .892 296
5 5.598 1.445 287. 5 3.534 .898 294
1o 5.598 1.515. 270. 10 3.534 .911 288
13 5.598 1.535° 265, 13 3,534 .912 288
18 5.598 1.563 258. 18 3,534 .919 285
24 5.598 1.586" 253. 24 3,534 .929 280
36 5.598 | 1.629. | 244. 36 3.534 - -

e pi1l

- %% Ting

completed of this station

after construction completion (months)




Values of E' by Spangler's Theory

Table S

Station 10+00
Fill Ht, Method 1 Method 2

& Time Right Teft Right Teft
26 - —— | -- -

34 35716 45659 30488 25129

44 27994 37817 24455 20229
55 35086 46284 28100 25945
73 33139 43103 26862 22778

80 31106 40801 24940 21082
100 32796 42076 25192 21049
122 34259 44287 26523 21698
145 32507 40706 23346 19596
160 32094 39963 22467 19082
2xkw 31007 38118 22192 18234
5 37132 44859 27240 23345

10 34303 40925 25153 20938

13 36353 42946 26330 21865

18 34660 41118 25700 21123

24 3493] 40764 25408 20583

36 133354 23071 82890 13528

** Time after fill completion (months)
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«;Tabi; 9" (continued)

Values of E’ by Spangler's Theory

Station 7+25
Fill: Bt __Method 1 Method 2

& Time Right Left Right - Laft
21 - - - ——

23 43432 29735 13529 12916

39 620854 1364 124200 7023

52 1518557 6671 374220 7138
68%*. 2522179 5275 675277 6824

68 - e i —
- 68 2872476 5489 864810 6925
68 711371 5543 236040 7090
68 435381 5000 140901 7134
- 68 635446 5723 242794 7219
2k 393355 5697 131791 6916
5 510891 8470 186840 7649

10 602767 7800 225920 7427
13 556216 8478 209412 7346

18 723767 7895 271737 7327
24 626365 8265 249520 7665

Fill completed at this station
Time after fill completion (months)




TABLE 10

COMPARISON OF STRESS, MOMENT AND THRUST

FOR METHOD A AND METHOD B

FILL HEIGKT OVER CROWN = 62 FT,

octant points,

Parsmeter Method Method %
am A B Difference

Max. Positive Stress - Outer Crown 877 1320 34

(psi) = Inner Valley 609 S44 35

: - Quter Valley 427 733 42

- Inner Crown 704 996 29

Max, Negative Strass - Outer Crown «1122 -kﬁl? 10

(psi) « Inner Valley | - 903 -~ 833 8

_ - Quter Valley | - 992 -1136 =13

- Inner Crown =1219 ~-1509 -19

Max. Stress Grad. - Quter Crown 1370 2337 41

(psi) - Tnner Valley 1119 1777 37

= Outer Valley 846 1869 54

= Inner Crown 1173 2505 53

Max. Positive Moment (in. = 1b.) - 59515 65532 9

Max. Negative Moment (in, - 1b,) ~50999 «47488 - b

Max. Moment Gradient* (in, - 1b.) 49287 114029 57

Max. Thrust (1b,) -28427 -21411 -33

Min. Thrust (1b.) -6276 - 283

Thrust Gradient* (1b.) 20780 14315 =45

* Gradient is defined as the difference between quantities at adjacent




“TABLE 11

COMPARYSON OF STRESS GRADIENTS*®
FOR METHOD A & METHOD B BACKFILL
'FILL HEIGHT OVER CROWN = 62 FT
Meter _Outer Crown (psi) Inner Valley (psi)
Positions | 4 A | z pigs. B A | 7 Diff.
1-2 2771 792 250 1714 588 191
2-3 . 469 414 13 374 332 13
34 1172 279 320 903 233 288
4 -5 341 57 498 805 45 1689
5.6 1083 | 1234 -12 279 960 -71
6 -7 1023 | 1371 -25 786 | 1119 -30
7-8 232 639 ~63 1144 393 63
8-9 1342 883 52 1044 625 67
9 -10 196 275 -28 142 205 -31
10 - 1 2337 767 205 1777 164 983
Avg. 1047 671 36 797 466 42
‘ - . _
— : METEr Outer Valley Inner Crown
Positions -3 x Y DIIE. B x LR ITN
1-2 1691 | 615 175 2290 831 176
2-3 439 295 49 - 556 408 36
-3 =4 913 214 327 1206 | 277 335
4 =5 654 67 576 838 67 | 1151
5+6 431 656 ~34 571 962 40
6-7 837 | 846 -1 1085 | 1173 -7
7-8 161 573 -72 227 . | 750 -70
8 -9 1118 678 65 1504 877 71
9 -10 325 239 36 385 262 46
10-- 1 1869 | 314 498 2505 454 451
Avg. 844 450 47 1118 606 46

* Gradient is defined as the difference in stress between adjacent octant
points,




Table l1l2a

Apple Canyon SPP

Material Properties

: Yield Ultimate Elongation
Sample Sample Stress Stress
No. Type (psi} (psi) (%)
A-1 Straight 43,700 62,200 33.5
A-3 Straight 42,500 58,200 34.5
-Avg 43,100 60,500 34.0
A-2 Curved 59,200 71,400 21.5
A-4 Curved 55,400 67,100 34.0
Avg 57,300 69,250 27.8
Specified 28,000 42,000 30.0
Table 12b
Chadd Creek SPP
Materiai Properties
Yield Ultimate Elongation
Sample Sample Stress Stress
No. Type {psi) (psi) (%)
T1-1 Straight | 41,900 51,100 30.0
T2-1 Straight 32,800 48,500 40.5
T3-1 Straight 33,000 48,500 39.0
Avyg 35,900 49,367 36.5
T1-2 Curved 47,800 57,500 21.5
T2-2 Curved 44,500 55,800 28.0
T3-2 Curved 45,400 56,700 25.0
Avg 45,900 55,667 24.8
Specified 28,000 42,000 30.0
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FIGURE 4

STRAIN GAGE NUMBER SYSTEM (identlcal at each sta.) FOR
CHADD CREEK AND APPLE CANYON CULVERTS

{ ¥ DENOTES CORRESPONDING INTERIOR GAGE NUMBER
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FIGURE 5

'APPLE CANYON SPP
CULVERT DEFORMATION MEASUREMENTS

LEGEND

. Chord Identity _ %
Steel Spheres @



FIGURE 6

APPLE CANYON SPP
 SETTLEMENT PLATFORM LAYOUT

2679 J.#58 ' L #60 ‘ , ,1.#61 2680
59 #go
26681753 1¥s5 o 1¥56
¥54 | #57 .
26581¥50 ALY 1¥g, 2660~
_ 45' 45’ ,
| |
1¥#46 #* 1%44
26444” 264317495 2645
6.5 2635 2640~
: 1% 2633 .L%42
2632+ 43
L : 0.6
STA. 7425
2723.L#63 .L*t 67 .-L#SG
- 2720
. 2700-
+# #*
#* 1 64 1765
2680 —
| 149
26651747 L¥*48 2667
2660 —
- 45' 45' —

STA. 10+00
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{in.)

Displacement

FIGURE 10

APPLE CANYON SPP

STATION [10+00
DISPLLACEMENT VS. FILL HEIGHT
-8' 9 2.0 4’0 69 8|0 IQO I2'0 I‘}O I6|O E:: Il2 I'B 2.4
o bepth c;f FiIIrOver |'nvert '(ft.) l ' | Ti

Time (mo.)1

L)

e L () )

@




(in.)

Displacement

FIGURE 11

APPLE CANYON SPP
~ STATION 7+25
DISPLACEMENT VS. FILL HEIGHT

—81 (|) ZP : 4,0 60 89 100 120 i40 160 6. IIZ I8 2‘}
I T L T
Depth of Fill

T

1 t T 1

Time (mlo.)1

ver lt:wert '(f't.)




FIGURE 12

APPLE CANYON SPP
DISPLACED SHAPE AT VARIOUS TIMES

-1.330 -0.704
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0.595

0.493

0.000

Fill Height = 68'

o -L7sR
-0.848 ~1.3)1
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Fill Height ot Sta. 10400 = i60’
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-0.854 0,933

0.690 )
0.000 1371
Fill Height = 68’ Fill Height = 160
Time after fill completion =24 mo. Time after fill completion = 24 mo.
STATION 7425 Scale: STATION 10400
i 2




APPLE CANYON SPP
STATION 7+25

"FIGURE 13
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FIGURE 21

LNIWMNEEW S
40 NBT LI 1dWEI
H3L4H SHINGW

mﬂ ﬂﬁ g oSl

0et

1.

(L4 NMRHD H3IAD
14 4B H1d30

06

1 =¥ T

RUT RN

@ MEHL NI NOISS3HITY
. SONIOH3Y O311THD +-
SONIOHAY WHRILETd INFHITLIAS ©

Bh HIBWNN H313IW

00+01 NBILBLIG - dW] NOANGE3 31dd4-

s
EE]

T

0g°¢e 0o°1 0070

00°€
LNAWITLL3S

(LA}

00" H

00°S

009




INIWMNEEWS ABMOUOY ? :
(1) NMRYH3 H3AD

dB0 NOTIL31dWED g 1114
H3LdH SHINDKW 48 H1d430 T4 40 H1d430
81 cl 8 0SI gl 06 08 DE @
1 { t } 1 } i f i ! i J”U
i o o A a
i [ o] |
i 1 -1
i 13 i
i 14 |
1 " e
] I-n wnl._ Q
t = b r*
i - el 8
i . 1
1 1= 13
i o S5
i | m“nu
1 )
; = 9 o
H iD u.Q
i MW S
i = t )
1 H [ m
i i { —
' i —
ﬂwi/ i [ ™~
E“ t I :-D_W._
r I 1 .
gy I I Em
W. ! =z
b= @ I .=
ff | 1
¥ v 1 1 —
1 M
” ! i 1~
f 1 1 e
| 1 1 o
t ! i
1 I i
i | I
i ! 1
i I i
i ! ! 4+
1 | m_..
@ NYHE 3NIT NDISS3IHIY o
SONIOW3Y QIILINQ w
SONTOH3Y WHDA1Hd INIWITLLIS O
" 2h H38WNN H3L1IW .
Ge+f NDIIBIS - dWJ NBANHD JF7ddH . —

08



FIGURE 23

INIWUNEENS ABMOBOY 2
4D NOTILITHWRI 18 7114 {(L3) NMDYI H3AD
Y3140 SHINDW 48 HL1d430 1114 48 H1d30
g1 el g 0st pel 06 09 DE o
“ ( { 1 u_m..uo T T T u“m.b.._ T T \mw
! 1c2 I
I ) I
| E IES
| 15¢ I
1 1" =
| I H_I-._ o
I (==t e PO T:
I = !l S
| I ]
i 1= DI
[ _Mw 815
| ! =1
I | |
_ E 5 o
{ _mw "mm =
! !
1 2 i < .Uab
! I i T
) I i —
! ! v ! —
I t | —
I I [ umumM
I ' 1
| ' 1 J%ﬁj
1 1 | =
] 1 —
I 1 ]
I 1 ] —
[ 1 i M
I _ o
| I ] -
] I ! o
] ] |
| ]
] I 1
i I |
I i |
I i f 4
@ NYHL 3NIT NEISSIHI3Y Q

SONIOY3Y O311IW0 w
SINIOH3IY WHOJiHNd INIWITLLI6 @

Eh HIGWNN H3IL3W
Sc+¢ NOTIHIS - dW3 NOANBI J3ddd

02°1




24

FIGURE

t1d)

INIWMNEEN AUMOBOY 2
J0 NDILITdWRI 8 Tid (Ld) NMOYD Y3IAD
YAL4E8 SHINDW 30 Hid30 T4 0 HL430
81 21 g 0SI Del 06 0g e o
r " i p——— it “ : __ — —e—p-
" o “rs
i i
t _N
{ I
i 152
i r*
i I-n o=
I = T
1 I~ Q
1 |
t =
{ |
i hd 1
1 (1] I
! = 1 o
1 F=] N To
i v _W 1 o
[} 1%= I w
1 i 1 m
1 ] | —
1 o ] -~
| I 1 —
1 | ! U_W._
i | I T
1 _ 8m
1 1 =
| i —
i )
! I
1 I
! " 1=
_ 8
I
i
l
I
!
1 —
1 T
@ MYHL 3INIT NRISS34O3H «
SONIOHIHE 03L1IWD w
CONTOU3Y WHOAIEd INIWINLLIS ©
R Y3IGWNN H313W - )
G2+l NDILELS ~ dWD NOANHI Fddd

08°1



@ NHHL 3NIT NRISSaWI3Y
SONIOU3Y WHDILHTd INIWITLL3S @

Sk HIGWNN HILIW

Sc+L NOTLHLS - JWD NDANGD 3ddd

INIWMNHGWT ABMOB0Y @
d0 NBTI L3 1dWE3 g 14 (Ld) NMEYD Y3AD
H3ldy SHINDHW 40 H1d30 T4 40 Kid30
m_H el 9 0s81 02l 06 09 0 o
“ ¥ T I “m_ T I %“% T | .m
| [en i
I I I
: E ik
I 15¢ >
| I ™y
“ 2 307 -
H 1 el— o)
I ] |
[ e 212
" » 35
i I I
| _M w.m +9
: 5 3= 2
1 w)
{ M
| | M
wn {
—
m" : jem
| i ©
=R _ <l
Q1 i ! =
Fes | 1 I
| i ! —_
i 1 ] T
[ i ——
! I I X
1 @ I o [
[ I f
I ! |
! I |
I | !
| 1 o
| i ! —
i I ] T:
! ! 3

" oe'l




FIGURE 26

LINIWMNEEWS ABMOdBEY » o
4@ NBT LI TdWRD 18 714 {L4) NMDb) H3AG
U314 SHINOW 48 H1d430 T4 40 HL430
81 cl g Dmﬁ D21 pe 09 -0 o
ﬂl ) T 1 “m_ T 1 %"% I ] .\m
1 [ {
| S u{E:
: 1< i
1 " e
1 i M"J lo
1 — ]
1 "ﬂ ol &8
1 1
_ 2 Zi
. - DM
_“:HU
=
Dl o
To
O
| )
t M
! =
_ —
" lem
_ | s
H | =
I t 3
I i
— — p—
i 1 I A
1 o 1 b Irlu_
i [ 1 +-
{ t | DUu
T q |
I | | .
{ ] |
1 I i
! I }
] ! ! 47
! I | N
] 1 ]
@ MYHL 3NIT NRISS3HD3Y
SONIOH3IY WHO4IHTd IN3W3TLL3S @
Sh - H3GWNN H3L3W
Ge+/ NDILHIS — JdWD NDANBD 3ddH —

08



FIGURE 27

INFWMNEEIWA AYMOPDY ®

40 NRTLITdWDI 18 7114 (L4 NMOYI H3IAD
H3LdH SHLINDW 40 HL430 04 48 HL430
g1 el g 0S1 021 om 0g ﬁm -
“ T 1 I "m_ 1 I %“% T 1 m
! 1en |
1 I |
# E Ik
I 13< 13
i ' (N
I (i mﬂ4d 1=
I = [
| :_H o :,_IL R
I | i
[ E 22
I la DHirn
| -H .M_H
] t |
] 13 “w&w 12
! 12 =
] (=1 = o
I 1< 1 W
! ( 1 m
I I 1 Hu
I I | — "
| i | jem
I [ i | Mmﬂ
| ] | =
1 I ! o
| I _
| ! —_
1 ] Il
| | {a=
t [ =1
1 I
t I
|
I
|
| —
! Ta
_ i o
©NYHL INIT NDISS3HOIH
SANIQH3IH WHOJIHTD INFWIATLLIS @
1S Y3GWNN Y313W -
Sc+L NOTIHLIS - dWD NOANED J71ddd |

02°1




fab

INIWMNHEWT AbMOBDY 2

40 NOT1374WA3 8 1id {L4] NMRPYD HIAD
Y3144 SHINGW 40 H1d430 14 4D Hid3d
g1 cl 9 sy D2t 06 0g 3] S,
“ 1 T L “m_ 1 T %".% T 1 -m
1 i I
f i i
I 15 R
I 13< i
| 1" e
| ™ Di=-n 0
i = —= T
I - Al &
! ] i
f = 32
|
” _.$ M_H
I 12 Blo
t (f==] |0 10
I 12 12 @D
t (fo=! = =
t 1~ t
! I t
! I !
By i H
Ny i i o
B t 4.
3 ; g
&2}
i )
fa ]
1 |
I |
I —
1 4.
_ s
|
|
|
!
i
1 —
] T
i o
G YHL 3NIT NDISSIHOIM
i CONIOHIY WYRAIHTd INIWITLI3S @
m [ 25 YIGWNN Y31
5 GZ+L NOILHLIS - JdW3 NDUNED 3dd4 |-

08"

INGWITLLES

(L4



FIGURE 29

INIWUNEEWS
40 NOIL31dWR3T
Y3145 SHINOW

(L4} NMRYI H3AL
T4 40 HLI430

0et o_m

Le 81 6 0Gt 08 O£ 0 o
r } } } { } } i ! <
. a
i
i
|
(
i
_ Ul
\ - O
! o
_ o
I
|
I
)
— —
! =)
_ o
! o
] =)
[
i
t
m !..TP
] a
: o
] =)
)
I
|
_ ™
! B
X 12
! e
1 o
|
— .
| _m | R
a.
ALISN3Q 3AIL03443 — —— 2
@ NYHL 3NETT NGISSIHOIH — ! | S
Hid0 3"NSS3dd TIeE @ |
. G2 HIWNN H3I13W o 7 =
00+Q1 za:n:..m - 4dS NGANHI 37ddd “
. . Ilm
=
<]

JHNSSIHd 110S

(ISd)

J
L)

) 00°0

00°6h

1.
T

00°08

LLTSN3Q 3JATLIF443

(43d)




Y

FIGURE 30

INSWMNGEWS

40 NBTL314W03 (1) NMRYD Y3AD
43148 SHINOW Ti14d 40 HLd30
ic 81 6 0sT Oct 06 09 (8] 0 o :
—t j _ } { -—3 { o T
1 U -
1 o
I )
]
i
]
] W o
] .nU ::.U
_m 8 am:;
” w L
, Q m
| 1= |ad
| RS
* 22 |8m
, W =
_ %)) M
H - =
1 oy .
I lg—lﬂ_ 1!-PI|.wI
: s_ Ta%
: 85 |8_
1 — LY
1 b )
i L
& n Tv{lx
- O <+
S o
o o
o o
N n
B TS
LLISN3O 3AIL23443 ——— . -
@ NdHL 3INIT NRISSIHIIY m m
HlHG 34NsS3dd 1ies @
9 H3GWNN H313W =
| 00+01 NOIIHIS - ddS NOANYI 31ddd o
¢ 13 13
S S
o o
o o



'FIGURE 31

~

LNFWYNEEKW3

40 NDIL3TdWE] (L3 NMOHI HIAD
Y3l 40 SHINDW T4 40 HLEd30
Le ﬁﬁ 6 omﬂ 0cl C8 09 0g 0

NMOYD H3A0 7114 “XBW 091

— A A e e e e - S

"

ALISN3G 3JA[LI3443 ———
© @MEHL 3NTT) NG ESSIHD3Y
U160 34nNSs3dd 1I0s ©

L2 HIGWAN HILIN . Q
00401 NOILHLS - ddS NOANGD Fddd

00° 00T
JHNSS3Hd 1108

1

00"0s1

(18d)

' 00'00s

000

00°6S

*00¢e

00

00'0se

UUTU
LLTSN30 IAT103443

00°0S

D0 001

00'001-

00°0S-

00" 0St

. 007002 -

(43d)




— e ama et e sy mmr mm e A wr— et e aees e mm e e e e e e e e e e e e

Caaran

FIGURE 32

i mm e m me e e e o rm e e he e lm e we Mt e Om e me A e

LNIWHMNGERS
o NBT1ITdWRI
w3134 SHINGH
Lz gl 6 oSt

LN

(L4) NMEHD HIAD

114 4B Hid3d

06

s

4 s e W M b TR W

T T

NMEH] H3AD 1714 "XuW 081

ALISN30 3AT133443 ———

@ MYHL 3NIT NBISSI¥OIY
Bid0 3HNSS3Hd 1ieS @

82 HIGWMNN H313W
00+01 NOILHLS - ddS NOANGD J1ddd

T

I
T

00°001

1
1

00" 0SY

00°0Sse

06'o

00°0S

00 00e

00'00€

JHNSS3Hd 11108

(ISd)

0001~

LLISNIQ 3AILI3443

000

]
T

00°01
101X) (43d)

00°0e-

00" 02~

00°62

0o oe

(



LNIWHMNESWI

40 NRT L1 1dKED (L4) NMBYI Y3AD
H314d SHINOW 114 4@ HLJ30
L2 81 B 0s1 021 06 09 0E 0 o |
1 f f - 1 ; } f f } P T4
2 |8
=
D
=
o 1g e
= LR
2 2 |3
o} bt [
2 1= lad
g 81 o<
= MUUu m_lj
Srm
(&) (-]
n w m
n [ =
0 w
: 15 185
"W ‘OP MU\J mU...lA
m e T m% m]
. /1 — )
i = O
| M
| n -
; 1 T TN
g 0 o b
1 7 i Q Q
_\ I Q [~
{11 !
i {
i i
1 i L n
1 ] ﬁnm -,.m
ALISNIQ 3AIL33443 ——— O >
G NYHL 3NIT NDISS3HI3Y < oy o o
HlH0 3HNSSTd I10S @ 7
, 62 HIGWNN Y3L3W
00+01 N@ILBIS - ddS N@ANHD. 31ddd TN LN / w o
_ ‘ -9 ~
. e e
- o o
) =




nuUut

FIGURE 34

INIWMNEEWS
40 NOTL31dW03
{3148 SHINDW

(14 NMPYD H3AD
3314 46 H1d30

Le g1 6 0s1 0el 06 09 (4} 0 o
——+ i } i } } 1 ; —4- .
- o
|3 —9 [an]
¥ 1o
H i
! _nnm
i _VA
b I
: 7 18
” = 3
“ 2 o
! 19 S
b _AJ —
H i i mw
i 13 -
] 1= mumm
] | am
| | . ﬁD
i | (@)
1 i c
} 1 Y
i et
| T4
i lim.m.m\ ..0 &
a8 T T
" O
P e —— &
1
! }
i 1 n
| TS
] ;
| 3
i
;
1
!
1 n
_ = T8
LLISN3IQ 3IAT1J3443 ——— oy 5
: @ NYHL 3NIT NEISSAHI3Y ] s
: Higd 3HNSS3dd 1S @ |
| 0f YIGWNN H3LIW
| 00+01 NOI1HIS - dd4S NOANB3 3ddd ]

00" 00e

i
T

00'01-

ALIGN3Q 3FATLIF343

00°0

1
]

00701

)
¥

00°02
( 101X} (43d)

00°0E

00 "0t



FIGURE 35

INIWHMNEEHS
49 NQT 1 37dWU3
"3148 SHINDW

(L) NMOHD HIAD
T4 40 H1d3a

ie 81 g 0s1 0c1 06 09 Q€ o
—t—t “ — f “ } -t P
I o =
| 10
| |
i uw
1 B
| I
" s 18
| l
_ i 8
| =)

t =
H 10
M 9
3 +o
| i o
| i mw
| i
I I
I
i
1 —_—
| T8
1 AN =
“ T T T e e e et ont| 8
1
|
|
| [3%)
! T8
,/ 3
Pm
|
[
I .
| 18
> o
o ALISN3O 3AILD3443 ——~ N o
@ NYHL 3INIT NOISS3IHO3M N b=
! HIBG FHNSSIHd TI0S @
‘ 1€ H3GWNN Y3L3W
00+01 NOTiHLS - ddS NBANHI 37d4d

3

0000

3YNSS3Hd 110S

(ISd)

000
LLISN3O 3ATL3344d

00°01

00°02
101X) (43d

00°0&

00"0h

)

(



SuUUE

FIGURE 36

LINIWHMNGEWS

48 NBILITdWED
H3L14d SHINDW

- Le 81 B

(Ld) NMRHO H3AD
T4 40 HLd30
gst O<t o@ 09 0g

1
] ! T I ¥ ¥

TXHW 091

NNOH2 Y3AD 1114

S —
—
— — Ja—
———— i ——— — T

[ - LLISNIOQ JAILD3443 ———

@ NYHL 3INIT NOISSIHIEY
diHO 3YNSS3Yd IS @

: 2E HIGWNN Y313W
00+01 NQILHLS - ddS NBANSI 31ddd

J—

007001
JUNSS3IHd 1I0S

1

00°051

(ISd)

00°00e

000

00708

0o°0se

go'ooge

LU

00 0%

LLISN30 3A1L33443

L
T

g00°0s

0006

(43d)

021

00’

00051

00081



_FIGURE 8%

INFWUNHEW S
40 NOTL3ITdWO3
H3L4Y SHINGW
Lo 81 6 0sI

H —

A

(1d) NMRHI H3AQ
T[4 40 HLd30

ow

ow

-

t
1
]

T

" NMOHO H3AD TI1d “XUW 087

- — i "
g6l

", ALISNIE FAIL1I3IAS ———
> WNYHL 3NIT NGISS3HIIM
Hidg 3HUNSS3dd I0S ©

 EE YIGWNN: YL
00+01 NOILHIS - ddS NGANHD 3TddY

g

g0 001

0o ost

go°g

00°0s

0o'ose 0otooe

00°00¢g

AHNSS3IHA 1I0S

(ISd)

00° 02—

)
1

goai-

00'0

i
+

0001
101X) (43d)

00°0e

00°0e

ALISNIQ 3AT133443

(




-N117)

FIGURE 38

1HIWHMNEEW
i NGTLITdWET
3L SHLINDW
Le 81 6 0s1

A i

(L) NMDHD d3A0
T4 4B H1d30
ocl o@ 09

1

IMBHT H3A8 T4 “XHW 091 ]

NMQHD H3A8 T1I4

-~ am e e S e e R M mr W e me

LLISNI0 3ATL03d4d ———
© @MYHL 3NIT NRISSIHIM
. Higo 3UNSs3dd 1S @

-

HIE HIABWNN Y313W

w\mo+om NOILBLG - ddS NGINHD 37ddd

T L

L

00051 00001
JHNSS3Hd

(15d}

00°00e

g0°0se

go'o

06°0s

1108

00"00€

) 00°0 00°Oh-
1123444

00°Ch

13

00708
LLIGNIO 3JA

(43d)

go*oet

gorost

00°00¢



INIWHNGEIS

48 NOTLITdWRI (L) NMEHI H3AD
Y3148 SHINDHW T1i4 40 HLd3a
12 81 8 0S1 021 06 09 o€ 0 o _
— 1 “ “ “ : - S
1 mm o e
i [ m
1 |
I 1=
I 13
i i
| o SSIE X
—lll -
" 2 2 A
| I3 - (@)
! e — —
§ 13 Ry 11—
| 03 o
i ﬂus DG
| w m
Al [ =
1 o u) w
m ! — T o
g g 152
GM\ o9 e
H, S —_
2] — 0
| ~ ()
1 i
1 n .lprs
i ESS T29%
N . o
“\\ m ﬁum
| BhT -
I —
i .
1 n 0]
-MU.: +o
: ALISN3G 3A1133443 ——— ] - nUu
@ NHHL 3NIT NRISS3Y9TY , o
"ig0 FHUNSSId IS @ il
: GE Y3GWNN HIL3W .
00+07 NOILBLIS - J4d5 NBANH3 37dd4 . : w o
l-mw L8
- o
(o) ja
g




FIGURE 40

INIWMNEBW

40 NOT L37dKW03D (1.4 NMRDYH2 Y3AB
H31 48 SHINDOK 113 48 Hid30
Le 81 8 051 021! 06 09 0€ 0 4
; } -+ “ —— ¢ } i o
_ oy 0| ©
| [ Ko}
] I
| mw
1 135
| 1 o
" o 18
“ - =
] (=]
| 15
| 120
| _3
] (= +] —
| 12 T 9
! 13 o
3 1 m
” _
i |
| 1
| 1 ooy
| i un%
] -
| 8
i 1
H |
i |
i !
| ” oy 83
; wgmﬁmr: \\\\\\\\\\ Mw
_ n .lln'..ll.r ‘.||\.\
I PR \\_ ||||||||||||||| ©
l 1
1 /7 1/1/ A
! \ e | 1
v u St +8
/ LLISN3O 3AILI3443 ——— .
j @ NYH1 3NIT NDISS3W93d : o
, YI1HG 3YNSS3dd 1I0S @ -
* g€ YIGHNN YILIW
00+01 NDILELS - JddS NBANYD 3ddH ”
-8
o
jom

FHNSS3IHd TIBS

(ISd)

- 00°0h

LLISNAO0 3AILJ3444

I
13

) 00°08

0o-08

00001

007 0c1

00 "0nY

(43d)



TTTarun

FIGURE 41

INIWMNEEWS ABMOGRY

40 NDILITdWDD 8 1114 (L4) NMRYHI H3A0
W31 48 SHINDOW 40 H1d30 T4 40 HLd430
Le 81 B DSl 0clt 06 09 0E 0 o ;
r——1 ; t r—— ! i o ; o TG
I ' A g ¢
1 1o I =
“ 2 =
n — D
i 1> WHX
1 " :
! I -Hl-n o =]
— — - 1o 4
| i oIF \ s |8
1 t AL o m
_ 2 zlo o | =
h e 53 S | B
=i o
__ E 23 £ ol
t ] _m TP1 TP«
“ E E 83 | g
1 1 | w oI
! l I W mMm
| 1 1 m =
i | (s
1 | i —
1 t | TO :ml
! ! lgst {om =
1 H 3 o9 o
1 1 N &3] ©_
! ~ AN = 2
1 I ~ )
] ! ~o -
' -
“ ’ t- ../../ S |,i.m.. ..rTU.-
1 t ~. [} .
] ! ~ o o
i f/.,-./ o
t ~.
; £81
“
AEISN30 3AILI3443 ——— . .
- @ MYHL 3NIT NDISS3uo3M St b= Q
Hih0 FHNSS3Yd IS @ | )
10 Y38WNN Y3L3IW , : =
Gg+L NOILHLS - ddS NOANGD. 37ddd - N
- Lo L
Q jn ]
o o
= =




Seoe

INJWMNHEKW ABMOBOY »
40 NOTL137dW00 g 114 (1d) NMEHI H3AD
Y3140 SHINDW 48 HLd3a 114 40 H1d30
ie gt & 0s1 Oct 06 08 0g 0] o |
F + 1 t 1 § i 1 i..__n.d i i mU |_|%
H ~m.-u 8_8 [un] .
§ 1 | w
M E: it
1 1< s
: " e
s 1 1 n o
* _m mm:m r e TS
1 “_1 .@__1 = =
!
B T M
“ " S 2 | o
i | m“ua — O
¥ 1] Bl — ]
1 . | W= [4 B
” “m A"uma Py TP<
o
“ 12 = 83 8m
§ | | (N =
| | ! 'dp) !
m.u 5 | | c =
1 1 % 85
| [e)] =t by
2 | | TS 783
= | ] i o m
Y I (&) —
! [ — .
H | )
i _ , N
“ ” ~ . 18 4 tn
~ . ..U
“ ! " ~~ 3 o
~ ]
I ] I ~
i e “ " ~
e 281
- 1 H
i’ ! ! ls 13
i 1 1 o o
| ALISN3O 3A1423443 ——— o 5
! @ NYHL 3NIT NRISS3HOAY — (=1 o
M. H180 JHNSS3IHd IS @
w 20 WIBWNN Y313
ce+l NOIIHLS - ddS NOANHI 37dd8 — — o
T - I
o o
o ™




FIGURE 43

LNIWUNEGWS ABMOE0Y o
40 NOIL3dWDID 8 71114
H314-d SHINOW 40 H1d30
le 81 6 0s1 0el 06
| J---- } } t t - b e
_ o L
[ o I
i t t
I T HTW
| 1> 15
| 1" -
] I nU“J.._
I 1= —{ =
| - Py
I t |
| D ]l
| F-3 wr & ﬁw%w_.m.
| R mﬁua
| 13 1
! 12 o8
J _m _m
i - 1
i 12 =
| |
t 1
1 ' I
1 f ]
1 i ]
1 i !
I ) i
I 1 |
| _c [
| 108 _ galma
| n%_ lllllllllllll i~
| - 1 |
O — — | 1
(e 1 I
(Pas- ( 1
t I I
] | {
| i !
i 1 ¢
1 i t
1 1 B
) 1 . 1
LLISN30 3AILD3443 — ——
@ NYHL 3NIT NRISSIHAY ——
 H1b0 3WNSS3dd I8S @
€0 Y3IGWNN H3IL3W
S2+L NQILHIS - ddS. NODANYD 31ddY Q

a4

(L4), NMOYHD Y3A0
M4 40 HLd30
09 0g
. T PRSI |.||||Tl.|l...1i|

00 *Of:

Jd4NSS3dd 1IBS

0008
(15d)

0008

00 oot

" poUozt

00 02—

0001~
ALISNIO JATLI3443

000

06'01
101X (43d)

00'0c

0008

(




2

FIGURE 44

INIWMNGEWI

ABMOdRY ®

40 NOT1374WB0 18 T4 (14) NMDYD YIAD
U3L4H SHINOW 39 Hidan 14 40 Rid30
(2 8l 8 oSt 02} 06 09 0g o
— . i ; . “ . o
_ T L Fg _ 3
| 1o |
“ £ ™z
1 1> —ix
| " i
! = n'T 0] n
_ I~ N @ T
“ "~ ol 8
1 i3 DI
1 Ly S5
1 | =
1 =0
jar] n,. O
ﬂ E 3 15
! £ = 3
]
i
i
|
1 [o)]
i TS
i [om ]
] o}
1
“ 09
e T
T (e 2 1]
I 66 &
(@]
Q
15
[amn ]
ALISN30 3AILD3443 ——— s
@ NHHL 3NIT N2 ISS3493 o
|¢._.¢c 3HNSS3dd IS @
hO WIGWON Y3LIW I
GZ+L NDILPLS - ddS NOANHD 37ddY ]

00°0et

JHN553Hd 110S

(ISd)

00”Q2-

ALISNIO JATLOH443

g0 gt

gec'o

R
T

00°01
101X) (43d)

00'0E-

00°0e

00'0e

(



FIGURE 45

LNIWMNESKHI AUMOBOY P
40 NOILITdWBI ¥ 7I4 (Ld) NMBYI Y3AD
HLdd SHINOW 40 H1d3d 14 40 HLd30
Le 81 3] oSt - 0zt 06 098 ‘0 Q o m
r } i } - } f } e } } { i TY
i I i :
| _% €_8 e o
] I ! @
| E ulES
1 1> —ix
1 1" -
] | |
" i 3 518
_ - s
| N 23 @ |
1 it oID = al
I 13 5o — -5
I 13 =I5 i I
| _wuu K= Q5 5 <
| I .
| NE! S mwj,_
! _ w =
I | &7} m
I l . = -
| 2 (&3]
| o Tl ot
| ! T2 Ja3
“ “ 835 |°
i | w —
| 1 bt 0
1 I .
1 t 8 _ J
1 f e —— I .lll.l.lll.ll..ll.l-'ll..ll-.l% ||m
1 [ o e e Dl T T LR - 86| o i gt Ee
| [ ! o OW
i i ! S o
P : : Q
L " |
u . L4
jL91 1 1
i I I — | ro
1 | ||m - mU
ALISNGO JATLI3443 ——— o g
| @ AYHL mzH._ NOISSIHO3Y 7, o
Hid0 FHNSS3Hd 110S @
S0 YIGWON Y3L3W ‘
Sc+L NDILBIS - ddS NOANHD 37ddE - w
- lﬁa Iﬁo
- [mm] =
- [om]
) oS
= o]




FIGURE 46

1HIWMNGEWS ABMOdid »

40 NOI137dWEJ 8 114 (1) NMEHD Y3A0
H31ldd SHINGOW 40 Hid30 114 46 HL430
Le- g1 6 0s1 o2t 06 09 (0] 0 o
— - —t- + — 4 } i .L_Qv“ } e
1 I ! ;
1 _% nbns @ © e
1 i 1
| E ufES
I i i3
1 "
! | 1
1 %M o mrmm l-mm
“ - © i 3
i 1 [
] /i = &4
1 1 mxnc_ et
1 1
i E T2 =
I _m _m .._-mUIG
1 1 |
_ 1= 1= 8/
i ] 1 D
i \ 1 w
' 1 | c
l | e
%\ ! | o
i 1 T
1 | o
} | 1 o0
; l 1 [y
i t 1 -
i 1 - |
| I i
t | t o
1 } 1 TS
“ “ __mE_ 8
t M _ T oy T T T ———
; ARR i -y
1 /) ! :
i /1 {
L | {5
=T ) :
LITSN3Q 3AIL123443 ——— = o
O MHHL 3NIT NDISSIHI b
HlHO 34NSS3IHd HS @
g0 H3IGWNN Y313W
S2+L NQILHLS - 445 zo»zmu.udmmm ﬁ

0o'eet

0o'oe-

T

00°0e-

t

00'01-

T

00'0-
101X) (43d)

00°0h-

00°07

g0 0e

LLISN30 JATLIT44d

(



SEQE

'FIGURE 47

INIWMNEEW ABMOERDY 3
40 NQT LITdWDI 8 14 {L4) NMBHD Y3IAD
H3ldd SHLINDOW 48 Hld30 14 40 HL430
Le g1 6 0st get 06 09 0g o o .
_\ t— } { T i } i T } i “ D . T &
i % 3P 3 &
|- 1 I
) | _ ® ©
, iI£ i o)
i 1% —ix
| - i ®
“ 1= S 8 1o
“ “H “,m 38 ONJ._
B i Sz 2 | m
! ] [ [ o b o
] =] o — "
! ' 1] =!:D 0} -T% Lo
| i 2 o3 1as
| 12 < 0% 8
t 1 [ ~ N ]
! 1 I ® w m
1. 1 § - =
) | nw % o)
| 1 1 [s)] —
| ! \\\mo\FMU --ml_
1 . i Ghry! T 85 =<
| 1 L —— ) o
l i @ —— """ It w o __
_ | — { — U
1 1 @ \\\\\ i = ﬂ
] ] 1
i = 1 ® "
. - _ S - s - R ) P _ |l.-nv ll.m
I QY wiet R P2 . w |2
I 151 :
I 0} “ o
! 1 j
: I
_ @ ' “ :
I I | — n
- ! ! T3 Ta
- ALISN3Q JAFL33443 ——— = <
~@0YHL 3INTT NRISS3HO3Y 2 o o
glyg 3HUNSS3IHd 1108 @ d
L0 YHIBWNN H3L3W
Sc+L Zﬁ:.E.m - d4dS NOINYZ J1ddY —_ o
a o




FIGURE 48

Jo mow o w a e e -

INSWHNHEW I AUMOBDY 2
40 NBIL3ITdW0I 4 T4 £L4) NMOY3 H3IAD
H414d SHINOW 40 Hid430 114 40 H1d430
mw 81 6 0ST 0ct 06 o€ ¢

i) i
T I 1 i

[
[Va]

T T T

00°0

00 0h-

1
+—

00°0¢
060 0

ABMOBEY @ 14 7114 €L
NMOHJ H3AD 14 "XbW 89

1
LI

AEMGHOY % 1Y 714 "XEW 081
00"0n

00'0h

38NsS34d 1108

0009

(ISd)

00°08 .

—_—

—
— e
e — e

1
1
|
|
_—

0008

L —

a2l

00 0et

\

i
i
i
I
— I
I
1
I
I

LLISNIO 3AILJ3443 ———
@ NHHL 3NIT NOISS3Y33d
3140 FHNSS3dd IS @

: 80 H3GWAN H313W
P OGZ+L NOILHIS - ddS NOANGD 3ddd

ootoot
00°08T .

00021
00‘002

ALISN3O JATLI3443

(43d)



T A e

FIGURE 49

LNIWHNEEIAI - LgMOdRY 2
40 NPT LITdRWED 18 7114 (L) NMRHI Y3AD
H3l4d SHINOW 40 Hid30 T4 40 H1430
L2 8l 6 0a1 get 06 o9 o€ 0 o
_ “ “ ! — ! " — “ :
i 15 a1 o
1 =] I
I
| ES uiE
| - 15¢ —Ix
1 R e
I i !
[ ;m mm_mw ;mw
“ i i 8
I
i o 22 2
I 1 mﬂuu b
1 1
_ _m 29 1-.n_|
" g E 53
I 12 o7 _Umm
| i w
I 1 n
I I fn
1 t €L
1 i @M
1 Te
" " B w
i - b —
1 — 1801 bl
1 — |
1 1 ] — 1 @
| t =T r TS
“ EeE | 8
- l
“ e " !
| — I ¥
L ! 1
1681 " " i-mw
ALISN3G 3AILI34d3 ——— o
@ NYHL 3NIT NOISS3Ha3Y Q
HiH0 34NssS3dd 1IRsS @
60 H3IGWNN Y31 3K AHHHHV AHHHUW.
G+l NOBILHLIS - ddS NOANYI- I1ddY : ) —
‘ | B
- N o
- o

g0°0

G0 "0h
ALISN3O 3ATL13344d

0008

00°0e!

00°0h~

(434}

00’081

00*002




U avi e

FIGURE 50

LINZHYNEEW ABMOBRY 2

Ao NGIL3TdWDI 18 1714 {141 NMDYHD H3IAD
H3l4H SHINOW 40 Hld3d T4 30 HLd430
12 8l 6 0ST 021 06 09 0g 0 o
r } " “ f “ } [ 9.
L 5 32 g
] o] I
| E IE
1 13< 15z @,
1 " [
I |
“ _m w.m ® |rm
| i~ -1 E
. D3
“ ™ 9,2 ®
' | m&H
1
” mm 219 1E
| £ E 5
m '3 = 8
i I i
H 1 }
1 |
b I
f | [o)]
; 1 - o
] | Q
i 1 [om ]
_ N
H
i
!
! L &
| °
¥ o
Lo
o
LLISN3O 3AI193443 ——— o
@ NHHL 3INT NDISSIHO3M a3
HiHQ 34NSS3dd 1105 @ I
07 Y3gWNN Y3L3W
3¢+4 NBI1ELS - ddS NOANBD 3dd8 =
8
[an3
[am?

00°0S-

00°0

JHNSS3Hd 1108
00°0S

00°001 _
ALISN3Q 3JATLI3443

(1Gd)
(43d)

007057

06002

00'0se



SEDE

'FIGURE 51

JNIFWMNEEWS AEMOPRY
40 NRTLITdWED g 1114 (L) NMRYD HIAD
3148 SHLINDH 40 H1d430 14 40 H1d30
Le g1 6 0s1 021 06 09 0g o 4 \
L E S “ RS T8
3 9 R
| i (=]
15 S @
1% CIx
1" e o
| 1
_m 1 18 1
2 i 5 |8
= m“m w -
ki o1 — al
_% 5o @ r —
b =13 1E= --._ﬂ_l_
9 e 4 Pu T&E<
"uU o0 < m
i= U_Jn_ m
! ! w o
! ! w m
i | o =
i =y w
i qnin |
I | T T
@, | 3% |g~
I i w © .
! _ —t e
| i ~ »
I _ N
@ © I I w© i
C ! TO. - TRg .
| | 8 |82
1 . _EB(E6 o
=) | B T e ——
e \\\"N: h !—_m—l —
e | I — ™
Lk 1 N T8 13
CALISNIO 3AILJ344T ——— . Q
@ (YHL 3NIT NBISSIHIIY 8 ©
Hida 3”ASS3Hd 1iBS © 1
1 YIGWNN H3L3W
SC+L-NOILHLS - ddS NBANBI 3ddd — -
> -y O
. s} .
o a8
o :




FIGURE 52

INTWMNEEWI AUMOERY 2

40 NOTIITJWED 18 11Id {14) NMRHI H3IAD
Y31ldd SHINQHW 40 HLd3Q 114 4D H1d30
ﬁm 81 3] 057 owﬁ ow ﬂm . ﬁm o
T T T ."Tkr— 1 ] Lg_ i

& 5%

“N M

_WW 13

1 i

= =t

i ol

1B D

3 22

{ ]k

_W'a =

i

S 3

> =

1=

1
H
|
|
|
|
}
1
i
|
|
|
H
=14
lllllllll 1
|
[
rd i “
1
/ ! i
2} " “
1 1 ; i
i 1 I
M ] ALISN3Q FALILD3443 — — - : St
i © @NYHL 3NLT NDISSIHOTY _
: HIHO FHNSSIMd 1105 @ _
m 21 YIOWNN Y31 =
m G2+L NOITLIBWLIS - Jd485 NBANHD 37ddd

0008

00 "0

00°0eT 00001 0008

&

FHNSSIHd TIBS

(ISd)

]
L

00 0c-

LLISNIO IATLI3443

00°01-

go"eo

0001
107X} (43d)

00°0c

oo-oe

-



(o=
16
” INIHMNGERT ASMOH0Y ©
f 40 NOT LINdWRD 8 1114 (14) NMDYD H3AD
_ Y3ldy SHINOW 40 Hid3a 114 40 Hld3d
_ (28l B 05 021 08 09 o€ o _
T T T 1 — 1 ! T .....__g T T o Hm
[ @ Sﬂg o =]
| | o
w J-:N e
| % CiR
I
_ .N.. w_m +8 L-_m
— [ o | o -
e TiQ ° mﬂ._:
I — D, < ) M
_ " Ik - AL
| 3 3ig £ leom
| 2 g 6o 152
| m 1= mmm e
B ® " ! ¥ -
] o | 1 i — m
LLe | | =y [§p]
Iy " : 18 185
- mm I | o o< |
— m ! ! NF_ON o0 o
ﬂ ‘lll““l‘l
_ ! m&.w,.m‘\.l\\..l.\\\ _ " S s &
, 1 1
o " \\_ ! // S m[
TR B R J00 ! . Te T
] i —— /o 1 N o 12
1~ ~ s 1 // = 1=
_ I \ /ll.. \ | | /
I Vet - ! _ N
1 1 1 N
1 __ “ “ LE8
! : 1 , i 13 1@
1 " ALISN30 3AIL03443 — —— 2 o
@ NUHE INIT NDISSIHIIY _ IS ]
| HiHO 34NSS3dd 1I0S @
1
| . €1 Y3GWNN Y313
i . Se+L NBIL”IS - ddS NOANHD 3ddB — o
. ] . _ ] a
O : o o
o |




FIGURE 54

AuMOgRd

LHIWYNEEW3
46 NDTL3TdHED L8 T4 {L4) NMOYD HIAAD
43148 SHINDW 40 HL430 T1E4 40 HLd430
L2 81 B 0st A 06 09 0e o
¥ T T —m..-u L] 1 i "% T ) m
] I
= \=
o i}
> [5~4
? 2
o I 18
o :
- - :
= 12 w
[ Q
» ! —
joc]
D " -lmwrd
'S : S
f 1 &5
i I )
| H -
| 1 D
1 1 @[Tl
| | T
| | o —
1 1 1 oy
| i | w
i I i —
I I I
1 I log
1 ! \.u\m,o.m: @
! e T PN T2
) si__ . __
1 e I \f:/f/ 8
; 7 " N
) T ! I >~
! i i el
1 1 I —
i ! T8
LLISN3Q 3A1133443 ——— .
O NyYHL 3NIT NOISS3YI3H S
Bld0 3HNSS3IHd IS @ .
h1 Y3OWNN H3LIW Jw
_ G2+{ NDILHLS - ddS NOANHD 3ddd o

00°0c1

00'01-

[\
1

000

00°01
101X (42d)

00 02—

ALISN30O IATLI3443

00 "0¢

00" 0&

(



111

LINTFWMNEEKS

AgMObEY

40 NOTLITIWRI g 1114 (L4) NMOHD H3IAD
H31dg SHLNOW 48 H1d430 14 40 Hid30
Le 81 6 0S1 0ct 06 09 0t o
— { } } — | } —4 P } } P
_ _g 8_8 [am }
1 10 i
i ] 1
! E B @
' 1>¢ 13
i ” e
1 | 1
! _m _w_m“ --m
__ - i g
| 1= a2 W
I @ 1° = -
i @=1_
1 _w nlm_m .n_..l
| _mm “mw TS
j |
_ © D = MWmm
i § [&p]
| |
o _ _ &
I 1 1 uy
M_ | 1 |lam
| i 1 0
! 1 1 —
ww_ l 1 mwwd
Bl H 1 w
{ 1 1 —
i l 1
1 i i :
g5, 16
”,« .g;\uw:murl \\\\\\\\\\\\ \\_/;/f/ | :xm
1££1 | 1 ™~ -
1 | ! ~
I I 1 Ry
t | | Sti
! ! I —
1 i --mw
ALISN3O 3A1103443 ——— it
@ IHHL 3NIT NQISS3HI3H o
HlH0 FHASSIHd I0S @
G1 Y3AWNN Y3 LIM
G2+ NQILHLIS — ddS NOANHI 3ddd

08 oel

00" 0E-

]
¥

00" 02—

00"01-

0o'o

00°01
101X) (43d)

00°0&

00°02

LLIGN3O JATLIFA43

(




FIGURE 56

APPLE CANYON SPP
SOIL PRESSURES AT VARIOUS TIMES

—X 44
IS
Fill Height = 68’

6l

70

&l 29

65 54

gs<_ 157
24

Fill Height =68
Fill Height at Sta. 10400 = 160’

93

78 84

62

Fill Height = 68
Time after fill completion =36 mo.

STATION 7+25

Scale :
] 200
[ T

50
65 26
46 68
59 52
61

Fill Height = 73'

| 120
137 .
99 139
2l H8
138

Fill Height = {60

187
219 13
166 227
191 .
261 I
21

Fill Height = &8'
Time after fill completion = 36 mo.

STATION 10+00




FIGURE 57

APPLE CANYON SPP
EFFECTIVE DENSITY

120 " ‘ 126
' 150
80
104 114 + 175
. . . 135
Fill Height Over Crown = 68 Fill Height Over Crown =73’
147 11
131 65
128 (108 96 + 140
, — - "z IT:]
, 129
Fill Height Over Crown = 68' ‘ Fill Height Over Crown =160’
Fill Height at € Roadway =160"
196 177
216
155 12
154 166 157 221
|50 - 245 183
192
Fill Height Over Crown = €8’ Fill Height Over Crown =160
Time After Fill Completion = 36 mo. Time After Fill Completion = 36 mo
* STATION 7+ 25 STATION 10400

Scale :
0 200
[ —"



FIGURE 58

1600

1800 -]-‘—- B —

Ouma:) )
1Y
\ -

1900

1200

100C

8

o
Q
Q

8

n
[=]

AN ( Inches X 10™% Inch)
\O

2
=]

<

AN

3

cmcuuFE\RENTmL

;

g

3

:

- 1600

e

- 1800

APPLE
CANYON

Sta. 10+00 |

Date 4/5/66%

Point* |
Grid*




FIGﬁRE 59

1800

3
<3

8

8

{Inches x 10~ inch)
\O

AN

¢
h
o
o]

ctﬁcUMFEﬂENTsAL STRAIN
1 o x.
3
o

- 1400

~ 1600

APPLE
CANYON

Sta. J0+0Q0

Date 4/5/66

Point* 2
Grid*

MLt )



FIGURE 60

;3@00.{_,_.,._ e e

1800

% /
c
; &00 7 7
© /
x 400
: | S
2 2004 //
— /
2/ /
o
T — A /
/’ 200
<
i = / Y
/ - 400
x
W,
A g
z/ S
/ "SUO
/ - 1000
1200 APPLE
/ CANYON
, / 1400 Sta. 10+00 |
/ { Dote 4/5/66
Point®* 3 '
- 600 Gﬁd#
\‘ j\\ - 1800




'FIGURE 61

1800

1800

' 800

<.-L\\§"

_ STRAIN (Inches x 10™% tnch) '

qﬂcgwengyﬂ |
8\

]
@®
o
o

- 1000

sy

APPLE
CANYON

Sta. 10+00

Date 4/5/66

Point* _ 4

Grid*

Yo



FIGURE 62

1800 1—

NE 8 8 3 8 8@ B

. STRAIN ( Inches X 10~% inch)

CAPPLE 1. I

| canvon
1w wo#oo . b

| bare assme6} 1
Poit® _ 5 1

-



 FIGURE 63

- .a@ \
1400 |
J

- 1200

-1200

.’/ -1400

~ 1600

— s

APPLE
CANYON

Sta. 10+00

Date 4/5/66

Point* 6
Grid*




FIGURE 64

[BOO == = e

1600

1400 {-

{ Inches X 10™% Inch)

AN

6::::==**P"“%fj;f“*

N\

J
8
o

N

8
o\.

N

CIRCUMFERENTIAL | STRAIN

¥
o
Q
o

=1000

~1200

APPLE
CANYON

Sta. 10+00

-1400

- 1600

1 Grid®

- { Date 4/5/66

Poimt* _ 7

- 1800



FIGURE 65

Quiside

1800

/4’

g
=]

:

8
N,

AN

1
N
Q
o

:

g.,

cnﬁcumrengmtm. STRAIN { Inches X 10°® Inch) '

-

APPLE
CANYON

Sta. 10+00

Date 4/5/68

Point* 8
Grid*®

Yin



FIGURE 66

1800 - .
\
600 \\ v
1400
120 f , I
1000 / ,
/
800 / v
g / 7
E 600 yd /
- rd —
3 AR 4
3 / T
g 200 14— L
%L £ 1
/P L
_ 3 : T
4 _2-400
/ %'/
- 600
/S E
// - 800
/ -10Q0
/ ' | .
f -1200 APPLE
/ CANYON ] L ‘
-1400 Ste. 10+00 {
Date 4/5/66 |
. Point* _ 9 |
- 1600 Grid® _
- 1800



 FIGURE 67

1800
1400 '+
1200 / J
- 1000 /’
- -/ /
'~
£ 600 L /
7 7
i
S
TS
£ 200 5 £ A
oL
— yan
/ 20T
-
ot
\ i,/
- %-soo
/ /€
- 800
N -/ oo
/ /. PLE
| / ) AP
/ / 1200 CANYON
, | Sta. 10+00
[ [l w00 Do 4/5/66
: . Point* _ 10 '
- 1600 Grid*
L | - 1800
\ Yo 2



FIGURE 68

INIWMNEEW
38 NOTLIVWDI
HI14H SHINDW

(Ldy NMRYJ H3IAQ
T[4 40 Hid30

Le 81 6 0s1 )3 09 0t |
f } f t I ; } ; } @
_ 1> =~
1 “nu m
[ 3
I 1<
! 1*
I 1IN |
[ = TS
1 I— .
I I S
| 12 =
{ irm )
i D
i T . —
1 =, 14 =
' 12 5 &
i iz e
I i numm
| ] [
| i @ O
| _ Z
i i ae
L I OUN
| [ .03
| I o
! i aal
1 I w3
I f ~
I i mm
i i
i ; 180
| _ oL
i [ o]
i i
| t
i i
I i _
I i =
I i DW
I o0
@ M. 34;° NDISS3HO3Y O ® e
NIBHLS I LNZRZ4WGIHIT NMOHD 4340 © .
FIT 223WN 3909
00+01 NOIISLT - ddS NOANED 31d4dH

0009



S - FIGURE 69

LNZHMNEEW

(HINI/S3IHINTBHITW)

40 NDI L31dWR0 (L4) NMQYD H3AD
H3L 44 SHLNDW 114 40 HLd430
Le g1 5] 051 oe!l 06 0S8 0E |
T T _.I. T T T T T . .Ql-g
I len ol ©
] o= .nU
“ s °
D
! 13
i 1
| I 1/
| = ~
! - m
i oW
I 12 o—
t Im
i =y ww
! I | —t
I 1 3 1 =
l = &
§ [ .n..u
| t (=]
| i
1 |
| i
1 1
( ! 1L
i i =]
| 1 )
f ! o
i 1
| I
i 1
r —t p O
i t e
i i Q
| !
| 1
I i
I I
' I iESe
i I ,-.OW.
i o
@ NYAL 3NIT NRISSIUOIY . O~
NIBYLS - THIINIEISHNIYID. A3T7THA H3NNI @ -
L2l HAGWON 3949 O @
00+071 NDILBLS - ddS NOANHD 371ddd o I

6008




FIGURE 70

INIWMNEEWS
40 NDIL31dWBI
H314H SHINDW
te 81 6 0Ss1

Del

(L) NMQHD H3AD
TII4 40 HLd30

06 08

L

"XBW 091

i 1

01
00 05—

"I
i
i
i
i
1
I
|
7
;

NMPHD H3AD 1114

{

@ NeHL 3INIT NDISSIHOY
NIHMLS THIINIYIMNIYID AFTIHA 43I0 ©

122 YIGWON  39H9

00+01 NDILIBLS - ddS NOANHI 3ddH

O

I
T

00 0s

00°001

00°0st

00°0

NIGHLS

(HONI/SIHINIDHIIW)

00°002

00 0se



ggos

FIGURE 71

INIHUMNEGWS
40 NDILITdWBI
H3149 SHLNDW

(L4) NMQHI YH3A0
14 40 HL430
get 06 09

0t

Le 81 6 0st

Ll 1 T

-y

01
0002~

f
1
1
|
|
l
{
i
i
I
i
l
|
|
|
l
!
!
I
I

NMBH3 H3AD 1113 “XHW 081

@ NYHL 3NIT NOISSIHIad

NIHHLS THIINIHISWNOMID NMBHD H3NNI ©

91E H3BWNAN 30459

00+01 NOILHLIS ~ ddS NOANHD 37ddd

O

NIBHLS

L
T

0Gt0e

00" O

(HINI/SIHINIGHI T

1
3

0009

00°08
( 101X)

L
T

- '00°001




FIGURE 72

INIWMNEEW S
3 NOTLIT4WED
H3L 4 SHINDW

(L4) NMOHD H3AD
14 J0 Aed3o

e 81 ] 0s1 02t 05 09 o.m |
: } 3 —t " ; ¢ _ — =
(= olo
1 to .U
1 | o
i 15
I [ 2ng.
1 1*
1 I |
i e T8
| - .
1 o Bn
i
) S -
i I I
1 | o) | m
] 1 B 4
i 12 3
i | Pt e —
! ] 8=
1 1 —
) I O
i _ %
1 1 |
! i 4+
: “ 2 &F
o
i 1 Om
1 1 © e
: | ~
1 1 [—
! 1 P =
k } b (3
m ! oL
1 1 [am]
i |
H |
! |
t | -
3 | )
i I L-muw
| I o0
% @ NEHL 3INIT NOISSIHIAY O @ S
; NEHULS THNIONLIONDT NMOHD 43100 © _
: 111 H3IGWNN 3949
‘ 00+01 NRIIHLIS - ddS NOANHI 31ddd ]

00°08



B 3 RN 2

' PIGURE 73

INIHMNEGW I
40 NOTL3TdW@2
3144 CHINOW

Le mﬁ B 0s1 021

1 Il i

(1L4) NMRHD H3AD

14 40 Hid30
06

NMOHD H3A0 TId4 "XuW 091

@ AEHL NI NOISSIHO3Y
NIGHLS TEMEONLTONGT A3TIHA HINNI @

| 921 YIBWNN  39H9
00+0) NOTIHLS - ddS NDANHD Iddd

O w®

0t
000

00°0S
NIGHLS

00°001

00 081
LHUNI/SBHQNIDHJIN]

00°00<

i
T

00°0S2
101X)

{

00'00e




FIGURE 74

INSWHNEEW 3
40 NDIL3NdWOO
Y3148 SHINDW
Le 81 B oS!

(L4 NMRYED H3AD
T4 40 Hid30

Cecl . ﬂm : 09

L
1 F

NMOHD H3AD T1I4 “XuW 091

@ NEHL 3NIT NDISS3IHI3Y
NIHHLS WENIORLIONGT A3TWA H3D @

1112 H3gWNN 3069
DO+01 NOTLBIS - ddS NDANED 37ddY

O

®

DIeJ
00°0

00'0h
NIBHLS

00°0c1 00°08

00°091
(HINI/S3IHINTOHIIKW]

00'002
101X)

(

~—
4



.

» FIGURE 75

INIWUMNEGW
48 NOIL37dWR)
H3Ldd SHLINDW

te 81 5 0s1t

(L) NMBYD H3AD
14 4B Hid3d

06 08 0E

7]}
007 002-

garoet-

Qg-oet-

L)

0008~

T

00." Q%=

@ NEHL INTT NOISSIHTI
NIWHLS THNIONLIOND™T NMBHD H3NNI @

S1E YIGWNN 3989 .
00+01 NDIIBLS -— ddS zn»zmu Iddd

4
oo o-
( 101X}

© gt

NIBHLS

(HONI/S3HONIOYIIR)




FIGURE 76

LNFWHNEEW AUMOHRY ®

30 NDILINdWOJ g 1id (L4) NM@HJ d3a0
H3LdH SHINDKW 40 HL430. - 114 40 H1d30 .
L2 g1 6 oSt 0c1 (85} 03 omm |
» " " —— “ “ “ { ®
“ i . 2% =] e
1 Q
{ "S “ o
f (35 _ S _
H © i ) . 1>
- o) _ : C12
§ ’ [n]
i rjw ém Ilw
i — o] - 1— .U
: 3 8u
i ley 3
{
| “w .mm
1 D L=
! “m o
i i
| “m ) i mw
i | _ -
O
“ “ _ gos
! i i (]
' _ | o=
0 I [ o5
! | |
“ ; | 85
1 i | 1)
) | | ~
! 1 ! et
! ! ' P =
t $ t o
1 | i oL
] N I o
| f |
i i |
| 1 |
i | I —
|
| “ “ --mm
i 1 I oo
© MYHL 3NIT NDISSIHOIY O @ o=
 NIGHLS THIINFYIAWNOMID NMDED H3LNO © _
v 211 WIGWNN  39HO
S2+¢ NRILBIS - ddS NOANHI 31ddY

00°0h



T e T R I et e B e il

INFWUNHEWS AHMOHBY 2

48 NDT L3NdWED i T4 (Ld4) NMDHD H3AQ

H3L4d SHINGW 30 HLd30 4 40 HLJ3A

Le 81 6 0S1 021 o.m 09 o.m
f T T T 1 T T T T
i % 219 5
i @ ftn

I

00" Ce-

G NHHL 3NTT NOSS3HO3M

. NIGUYLS JEPZ.u.mumz_._ﬁm:u A37TTHA H3NNI @
. U L2) HIGWNN 3949

R - V FIGURE 77 | |

QS+l zaHbabm - ddS NOANED 3Tiddd

O®

00°ge

oo'éﬁ
101X)

L
r

- 08008

00°09-
NIBHLS

) 00 "0~
(HINI/S3HINIDHIINW)

(




T4

¥ IOURE

INIWMNEEWT

ABMOBRYH 2

30 NDILIT4W0ID iH 1Mid (L4) NMBHZ H3AD
H3ldHd SHINDW ] 48 HiId3a . 114 40 HLd30
te g1 B 0s1 o2t 06 Q9 4] -
! + { } _I" } i Q&ag“ 5 Inmu
! len ! o ol o
,J ten |
“ - -
] —t D
: 1< —ix.
i _. _l_.
i | | —
‘. = Sz 1°
i - ai— =
; ! |
‘ E A 4
e 25 z
_% Dle [
1D 3 iN=
i _m s .ﬂu
1= “ S
i I | =
)
)
3 [
Q)
_ 1 TO0=
i 0O
: P | L= o
s I | i
1 1 | w
H i ] ~
3 | i [
F [ i =z
d | I -LWﬁJ
3 ! | .nurH.ﬁl
: i I o
i f !
: i ¥
i ] ¥
: I ! -
] | I 53]
; I | {mu_.vM
L L | oo
@ NYHL 3NIT NDISS3HI3Y O @ S~
NIHHIS THILNIHISAMIHID A3THA HIALND @ —
: 12¢ H3gWNN 3989
S2+L NOILIGLS - ddS NDANH3 37ddd

0009



EEUE

INIHMNGBKT AEMOHDRY D
40 NDT L3dWRD g 14 (L4) NMRYD "H3IAD
y3Ldg SHLNGW 40 HLd430 M4 4D HL430
i Le 87 B 0s1 el 06 05 o_m o
_ "‘ 1 ] ) "m- 1] 1 %"% T 1 m
_ i jcn i
L E: iE
I 15< — 5
| I N e
I | n | —
j _ = Wu:m Te
[ i i &l m
_ _ = 212 pulk’
I e Dim D
o = = D
F 1 B M_M :RN
L Iz = gl
| i = 1 o=
| i l 1 pA,
[ ) § I Q)
i ™~y [ ! %
_ 03] ] i ] SI
N m : | ! + O =
[ § I —0
=t | { S—r
o | | A
o _, ! %
i i | ! m
I 1 i
e . | 14%3 ,
_ ! | o=
: 1 [} o
| i i
I "
_ P I ! _
I i I n15e
_ ] _ { Te
_ i I Gm
@ NYHL 3NIT NOISS3HO38 —— O @ O
| NIHHLS THIINIHIIWNIETI NMOYD WINNL © . -
| 91€ YIGWON  30H9
! G2+, NDILBLS - ddS NOANHD -37ddd
L




INIWHNEEW S ABMOdDY »
40 NOTL37dWE3J g 1I4 : (L) NMBYI H3IAD
H3L4d SHINDW 40 Hid3Q MI4 40 HLd30

FIGURE 80

Le 81 6 051 Oct . 06 08 0E

.1

51

YT R

____AgMOBEH b 1Y T4 89 ]
NMOHJ H3A0 T4 “XuW 89

1

1

01
0o-0st-

00'oat-

00°0S-

I
¥
f
}
i
|
|
|
|
|
|
!
!
1
1
f
I
l
|

@ MHHL 3NDT NEISS3YO3Y
NIEMLS TENIONLIONGT NMOMD H3iNo @

P11 H3IOWNN H3L3W
G2+ NQIIHIS - ddS NRANED 37ddd

000

00°0S

00°001

0o 0s1

NIBHLS

(HINT/SIHINIOHI W)



EEUE

FIGURE_ 81

LNIWUNEEW I AEMOUOY @
40 NDT L37dW0D I 14 (L4) NMOWD HIAD
U314 SHINOW 4 1Ldio 714 40 HLd30
L2 8t 5 051 021 08 09 0g o
4 3 1 “m_ T T %__% 1 1 e mf\m
en i
i
E nE
| >< —Ix
_- all_.
2 i 18
i &l m
[ »'a
o =i
_w m%
'3
ey

. G OUHL 3NIT NRISSIHOIH ——
NIHHLS THNICALIONGT A3TIEA muzzhnu

92l HIGWNN 308D
SC+L NDILHLS - ddS NOANHD ugmma

NMDY

O

00 0%

00'69
(HONT/SHONTOHITW) NTBHLS

'
]

0008

00001
{ 101X

1
I

80021




B2

FTGURRE

JNIWMNEEWI

AUMOBHRY

40 NOT L3TdWED iH 7104 (Ld4) NMEY] H3AD
H3LdE SHINGW . 40 Hid3a 714 40 HLd30
Le a1 5 0s1 (A 0B (Bjc] 0t
+ 4 f — } t —— }
Icn Y =
141 I
I i
15 ES
[> _ﬂ“.x
i
! Bin m%W\\d
= Sy ®
i _m.:l
| I
13 2,2
la Dim
| 9B
=
Dlo
=<

@ MUHL 3NIT NBISSIHTIY
NIGHLS TENTCNLIONGT AFTHA H3LN0 ©

1112 H38WNN 3040
GZ+L NQILBLS - ddS NOANHD 31ddd

00°01

gg'oe

(HINI/SIHINIOHI W]

1
T

00"0e

000
101X)

OW®

00°01-

00°0-

NIBHLS

(

00°0S



(HONT/S3HIN

g0'0e

[}
8
_ LNIWMNEEN AGMOBOY 2
i 4R NOTL3TSWRD g 1Mid (L4) NMDYD H3AD
| W3L4d SHINDW % H1d30 0 0 T14 40 :mm_uo
2 8l B 0s1 0 \
| f i } — } t o “ =
| o 23 sl o
L - " S
ﬁ L 15 TES
| j > 1<
[ i I ™
[l i |
| “ = w_m T
L i oI 5
(o =2 22 R
_ _ ©le 25 =
| “ "H Fl mw
a 1
| 1D 1--CN
b £ ©_
_ | _IA i ON
i [ i ! o
_ . i | | )
o | | f O
I w " __ .
PooB _ _ =
g | | 8
[ I i _
{ | I
| i | |
_ m | _ .
_p.. _ﬂll - “ .mw
| |
| i I “
i {
_ | | ]
_ j [ " —
{ f — N
_ T
| " “ 55
| o
@MYL INIT NBISSIHIIM O @ -
_ NIWYLS THNIGNLIONDT NMOHO YNNI @ _
_ G1E H3GWAN 394D
i . G2+l NOIIHLS - ddS NOANHD 37ddd
B _
o
|
[




FIGURE 84

APPLE CANYON SPP
CONVERSION OF STRAIN TO STRESS

Stresses
Longitudinal : f = E (e + )
ongitudinal =, = .z €t pre
T4
Circumferential: f_ = E (e + pue )
c |"}J-2 c H L




punoly pulblip

F IGURE 85

e B

aub|d [DH}14)

wsidd 40118 — ¢

-

.._z =H \ﬁ/Em_._m g wsilgd J0l8§X3]
*H=H ‘ . 1011944
O=H————"""—— e
I N TP T S~ juswa|yeg 1onb3 0 aubig
S~—dy=n - ) | 114 o doy

LiNANOD oz_houﬂomm, 3JAILISOd
AYO3IHL S ,NOLSHVN
ddS NOANVD 31ddV




FIGURE 86

K
¥
!

youdlj jo woljog

punosg [ou1bliQ
= 3UD|d |DJI}HID

9 N B
//II\\\ . " .

ywesl ~—— | ¢

A wslid

JoLsajuj

e —— — —— —

S __juswjuoqwy jo doj

1INANOD 9SNILO3rOod¥d 3AILVOIN

AMO3IHL  S,NOLSYM

VA

ddS NOANYD 31ddV



INIWMNEEWS

FIGURE 87

30 NOILINWED (L4} NMRYD H3AR
HALJY SHINDW 14 4B HLd30
81 cl 9 0s1 021 08 09 0c o
r } } } T q } i -
[ D s
| =
I I
I |
i 132
! *
_ I =
] QM e
“ " S
“ 2 A
m
| |0 ww
I o ]
s @
i 2 Eadar
l 1= Mde
| | m
i | w
i | mm
1 I
h | 3
l 1
_ ¢ S
" ® | &85
I I w
i I —
I o ] —
I | -
% @ @ 1 + @
B P . = o
T s 4 v ¥ hd ._Q MU
L 1 =
I I
i I
i I
1 “ .._-_muu
DJDQ 94Nssalg [10S umoi) [polsdws © e
¥ MUHL NI NDISSIHIH O @ 3
SOH0T LINONDD ONILJI3T0Hd 3ATLISRd v s
- 92 HIBWNN Y3L3IW
00+01 NOIIHLS - ddS NOANHD 3ddH

ag-ahe




FIGURE 88

INFWUNGEWS

40 NQTLINdWR] (1d4) NMRYI Y3IAR
Y345 SHINBW T4 40 H1d30
81 21 9 0s1 owﬂ 08 09 O£
3 v 13 T 1 t L) T
f 1
i [foma’
i !
i mw
! 154
i i
] T.J
3 _H
i 1
I i
f =]
) =
! 1D
] !
! 1=p
| Q .
{ _W
|
1
|
|
!
]

e
Q

@ NEHL 3NIT NDISSIU03Y
SOHDT LINGNGD ONILI3rOHd JATLHOIN w- AHHV A“mu
150 JuNSSIH4 DS NMOHY THIIHIdN3 o

! S¢  YIBWNAN d3ILIW
: 00+01 NOLiHIS — ddS NOANHI FddB

4

,.v,,Tm............,.......e._‘..._.._._._.. -

06 0n g0°o

0008
dHNSS3Hd 1105

00°02t

(ISd)

091

0G*

00°00C

00" 0fic



FIGURE 89

e

) ¥ NHHL 3NIT NOISSIHIIH
SOd0T LINONGD ONILI3r04d 3AILISOd w
YiHO 3HUNSSIHd 1108 NMDYD HIIHI&HS @

c H3gWNN H313W
G2+l NOILHIS ~ ddS NOANGD FTddE

LNIWUNEEWT LuMOuRd @
40 NDILIT4W0) 18 114 {Ld) NMOYD H3IAL
U314 SHLINDW 40 H1d3d T4 40 HL430
gl ¢l 9 051 el 06 09 o€
T T T T T T T ) 3 ¥
i I 219
I (1 I
| I i
i E uiES
( 3¢ —ix
1 " -
_ _I_.._ HU_I_-_
[ [= o | P
| :ﬂ m__,_ln.
I Fp uuxu
I 1= |
[ o S5
i l mﬁnu
I 1D ]
| 18 2193
| =) [f =]
I 15 =
i 1= n_wN
] | |
] i
b I
l i
1
1 '
[ @ |
] I
I i
i I s
! ® @ @ ﬂ
¢ _
] 1
i I
I :
{ I
i I
I i
i I
I I
i

00°02

00°0

] 000
JUNSSaYd 118S

0009

(164)

0008

00-°001

g80'0ct




"FIGURE 90

INFHMNDEW 3
40 NOILI1dWD)

AuMOBeY 2
1§ 114

(14) NMDH] HIAG

+

¥ MYHL 3NIT NDISS3HI3Y
SO007 LINONDS ONILJIrEHd IALLHIIN «
H1d0 3HNSSFHL 1105 NMEHD HIIHIdWI @

C HIGWOAN Y3L3K
Sc+L NDPILBLS — ddS NBINHD I7ddd

i
}
i
i
I
I
[
t
[
{
P
l
[
[
I
|
|
|
|
|
|

43148 SHINDW 40 HLd3d 14 40 HL43E
mﬁ Zl 9 0sT 021 06 09 om

" 1 ¥ 1 "gn i 1 [ 3 T
i £

i I

| =

_ 12

I "

| I

f —

P iF

: D

i (

i I

I 1D

| ;w

i [Fw]

i 15

®
®

000 00°02 00°0
FHNSS3IHd 1108

00°09

(ISd)

0008

00 021

00°001



' FIGURE 91

APPLE CANYON SPP
SPANGLER'S ASSUMPTION FOR
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FIGURE 115
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FIGURE 116
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FIGURE 118

APPLE CANYON SPP
COMPARISON OF EFFECTIVE DENSITY PROFILES
AT TIME OF FILL COMPLETION
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FIGURE 119

APPLE CANYON SPP
COMPARISON OF EFFECTIVE DENSITY PROFILES
AT 24 TO 28 MONTHS AFTER COMPLETION
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FIGURE 120

APPLE CANYON SPP
COMPARISON OF MOMENTS AND THRUSTS
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Aggeﬁdix A
NON-LINEAR STRESS DEPENDENT SOIL PROPERTIES

The stress—strain behavior of scoils is dependent
on a large number of factors including density, composition,
water content, stress history and confining pressure. Even
when specimens are seleéted which duplicate field conditions,
their behavior ovef‘a range‘pf stresses is often non-linear.
A simple method of fepresenting the complex characteristics
"of soils was develdéed by Duncan and Chang and has been used
succeséfully by seééral investigators (2, 12, 14) for various
types of soils and placement conditions. This procedure has
been used to deterﬁine the behavior of the fill at Apple
Canyon and is empléyed in the Finite Element analysis.

The mateéial properties of the Apple Canyon £ill
were derived from ﬁriakial tests of remolded, unconsolidated,
undrained specimené. Volumetric and axial strains were also
measured during thé tests. ©Plots of the deviator stress vs.
axiél strain, volumetric strain wvs. axial strain and the
Méhr—Coulomb faiiuﬁe envelope are depicted in Figures A-l
through A-3. From;thesg curves, the parameters controlling
the determination of Young's Modulus and Poisson's ratio
may be determined. 

The procédure for determining soil parameters for
initial tangent moaulus'requires that a hyperbola of the

form

€./
7 (a+Db ey (1)

aQ
==
1
q
|



be fitted to the triaxial test data. This equation may be

transformed to, (afﬂsg} = g + beg

(2)

where a and b become the parameters defining a straight
line. The intercept, a, represents the reciprocal of the
initial tangent modulus,?é-, and the slope, b, is the
reciprocal of the ultimate deviator stress, 1/(o,~ &3 )y,
Experiments have shown that a best fit straight line passes
through points corresponding to 70 percent and 95 percent
of the maximum deviator stress. Figure A-4 depicts the
linear representation of the hyperbolae. The asymptotic
limit of the hyperbola, (o, — o3lyy, is always larger than
the maximum deviator stress from triaxial teéts. To
produce a more precise correlation between the hyperbolic
function and empirical data, the function is modified by
the failure ratio, Rey given by,

Rf= (o~ o3)max / (9 = o5lun, (3)
Soil stress—-strain characteristics .also depend on confining
pressure. The variation of tangent modulus may be expressed
ass

o n

Ej = KPqg (-5%:-]-) (4)
where E. and &3 are the initial tangent modulus and confining
pressufe, respectively. Atmospheric pressure is denoted by
P_. The variation in E; with.o-3 is approximated by a straight
line on a log-log plot, K and n being the intercept'and slope.

Such a plot is presented in Figure A-5.



The relationshipybetwéen‘cbmpreséive strength and confining
pressure is expressed in terms of the Mohr-Coulomb failure
criterion by:

2C Cos ¢ +205 Sing
{1-Sing) : (5)

{0, ~ °'3)rhc|x =

where ¢ and @ are the soil cohesion and angle of internal
friction.
The tangent moduius‘is defined by the differential equation,

. d(°'|"°'3)
R P

After the indicaﬁéd differentiation and appropriate
substitution of équations:l, 3, 4 and 5, the expression for

tangent modulus in terms of the stress state becomes,

i 2 n
_ Rf(l~Sln¢)(a'l—o'3)] %
[' 2C Cos ¢ + 203 Sing KP"(PO)

Ei= (6)

The tangent Poiséon‘s ratio is similarly defined as the rate
of change of radial strain with axial strain, under axial
compression and without radial restraint. The governing

equation becomes,

dep
deg (7

ot B

The average value of radial strain, e , may be expressed in

terms of measured volumetric strain bys:
]
€y = 'E'(ev'—'eq)
A hyperbolic function of the form:
- .
% Tide

may be used to express the non-linear relationship between

(8)

axial and radial strain. Transformation of this equation

into a linear form yields
€r
€q

= f +de (9)

A-3



The straight line parameters f and d represent the initial
Poisson's ratio and rate of variation of e with €.- As
for initial modulus, the points representing 70 percent and
95 percent of maximum radial strain yield a best fit line.
See Figure A-6.
The stress dependency is expressed by the function,

pi=6-F log (=) | (10)
where pj is initial Poisson's ratio, G is Poisson's ratio
at one atmosphere confining pressure and F represents the
rate of decrease in uj with oy . Plotting f against log

oy _
Py yields a straight line from which G and F are found.

Figure A-7 depicts such a plot.-

Again appropriate differentiation and substitution into the
governing equation yields an expression for Poisson‘s ratio
in terms of the above parameters and the scolil stress state.
The equation, G-F Mgegﬂ

Mt = . d—(a‘l—o-s) 2

_ Rf(l—Sin¢)(_o'l-'o-3)] a5\
[l 2C Cos ¢+ 20y Sin¢ KPu(pu) (11)

uses the five tangent.modulus parameters and three strain
parameters.

For the pa?ticular data obtained from the Apple Canyon £ill,
it appears that the test using a confining pressure of

4 k.s.c. may be in error. The stress-strain relationship
(Figure A~1l) indicates an anomoly in the family of curves
at low axial strain.

Similarly, the volumetric vs. axial strain plot, Pigure A-2,



reveals a t:ﬁncacéd curve grior to reaching maximum volumetric
strain. These anomalies are further indicated in Figure A-5
‘where the initiailtangent modulus deviates markedly from a
least-squares fit through the remaining points. Based on
these observatioﬁé, the triaxial test data for a confining
pressure of 4 ksc were deleted during parameter determination.
The soil parametéfs are shown in Table A-1l.

As a check on théjéoil_parameter accuracy, the theoretical
streés—stfain curves for each triaxial tes£ were constructed.
Empirical and theéretical curves are shown in Figure A-8. A
close cOrrelation_appears.between the two families of curves,
indicating that fhe soil parameters.accurately model the actual
fill'behavior. . |

Of extreme interest is the fact that the tangent modulus does
not appear to belé functidﬁ of confining pressure. This is an
idiosyncracy of fhis particular soil. Hence, it is expected
that non—linear éhalyses may not deviate significantly from

linear-elastic results.
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Table A-1

Summary of So0il Parameters

Re = .09378

k = 1264.2683

n = ~0.03458

c = 1.43313

g = 27.8755° = 0.48652 rad
a = 6.971

G = 0.23798

F = 0.14676
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FIGURE A-1

“APPLE CANYON SSP

STRESS - STRAIN RELATIONS

FOR TRIAXIAL TESTS
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FIGURE A-2

APPLE CANYON SSP
AXIAL—VOLUMETRIC STRAIN
RELATIONS FOR TRIAXIAL TESTS
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FIGURE A-3
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FIGURE A-4

APPLE CANYON SSP
TRANSFORMED HYPERBOLIC REPRESENTATION
OF STRESS - STRAIN CURVE
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FIGURE A-8

 APPLE CANYON SSP
VARIATION IN INITIAL TANGENT MODULUS
WITH CONFINING PRESSURE
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FIGURE A-6

APPLE CANYON SSP |
TRANSFORMED HYPERBOLIC REPRESENTATION
'OF RADIAL STRAIN —AXIAL STRAIN RELATIONS
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FIGURE A-7
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FIGURE A-8

THEORETICAL AND EMPIRICAL
STRESS—-STRAIN RELATIONS

Empirical data

—_————— Hyperbo!i_c Approximation
oy = 8 KSC _
e — o
/ 7"__-.--

15 -

/ e

-
//
-
-~
-~
e
rd
pa
/ /
10 / =
0-3 = 4 KSC

S AU Sy A - SRS, S
.
S

5 10 15 20 25
Axial Strain ( €4) %








