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IMPLEMENTATION

Results from this study demonstrate that subsequent designs for similar structures can be based on AASHTO
recommended practice for strength design of concrete if soil density is taken to be 130 pcf instead of 120 pcf.

The use of steel reinforcement cement in the floor slab, as a tension tie, was shown to be beneficial detail
under deep fill (+20 ft.).

The AASHTO CANDE computer code modified for applications in this study can be used for studies of
existing as well as proposed new concrete structures in soil. Time dependent deformations and strength stiffness
models of concrete have been added to the CANDE code. '
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PREFACE

The Texas Department of Transportation (TxDOT) in 1987 placed a BEBO arch culvert system under Loop
1604 in San Antonio. The BEBO arch system is a patented set of precast concrete arch segments set into slotted
footings. The San Antonio installation involved a rather large opening of 280 sq. ft. under fill depths in excess of
15 ft. A structural engineering consultant was hired to design the arch segments as a tied arch system, and The
University of Texas Ferguson Structural Engineering Laboratory was retained to monitor the performance of the arch
system over a period of 5 years. This report describes the monitoring effort, the analysis of measured performance,
and recommendations for subsequent analytic efforts applied to similar soil-structure interaction concerns.
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SUMMARY

Observations of soil pressures and strains in arch components over a 5-year period indicate that:

The design procedure used for arch segments produced components that have supported imposed soil and
environmental forces successfully.

The use of tension tie reinforcement in the slabs under arches beneath high fill was a wise and proper decision,
as the tension strains in the floor indicate that the bars developed significant strains.

Vertical earth pressures exceeded the nominal amount determined for uncompacted density and depth. Measured
vertical pressures imply a soil density in the order of 130 pcf.

Creep deformations in concrete must be included in analytic procedures in order to obtain displacement responses
corresponding to those measured.

The redundancies associated with soil-structure interaction tend to produce favorable redistributions of resistance
to soil loads against the arch.

A sophisticated analytic model of the structural system was shown to produce stress and displacement values
very similar to those measured. The analytic model must include specific data regarding soil properties, and
creep response time effects for concrete as well as for soil.
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CHAPTER 1

FIELD SETUP AND INSTRUMENTATION
OF REINFORCED CONCRETE ARCH CULVERT

In 1987 and 1988 the Texas Department of Transportation (TxDOT) placed a culvert, consisting
of a patented system of precast concrete arches, under Loop 1604 in San Antonio, Texas and authorized
The University of Texas to monitor the long-term performance of the culvert. A reinforced concrete
system was chosen because cold formed corrugated steel arches had failed to support openings of similar
size (280 ft.2 flow area) in other recent applications beneath fill depths greater than 15 ft. The patented
system of precast arches, called BEBO arch culverts, have an ascetically pleasing shape due to a low-rise
profile and a relatively large span-to-rise ratio. In this case however, these features raised some concern
because the maximum fill height (24 ft.) over the culvert was much larger than previous fill heights
placed over BEBO arch culverts. In order to satisfy the concern, two steps were taken. First, a
structural engineering firm was employed to design the culvert as a tied arch, using reinforcing steel in
the floor slab to resist lateral spreading of the footings, and to design additional midspan flexural steel.
Secondly, The University of Texas at Austin was funded to monitor the long-term performance of the
culvert. This report describes the results of the monitoring effort and an analysis of the soil-structure
system.

1.1 Culvert and Soil Description

In this chapter and the next two chapters the culvert, the surrounding soil fill, and the monitoring
system will be described and the measured response of the culvert will be presented and discussed.
Figure 1.1 shows a section along the length of the BEBO arch culvert. The arches were precast in eight
foot wide segments and the segments were laid side-by-side to form the 536 ft. long culvert. A cross
section through the arch culvert describing the steel reinforcement is shown in Figure 1.2. The floor slab
and footings were cast in the field and, after they had cured, the precast arches were transported to the
culvert site and placed in the blockouts of the footings. Grout was then placed in the blockout around
the base of the arch to cause a tight fit between the arch and footing. As Figure 1.1 shows, there are two
regions of fill depth over the culvert, a high fill region (24 ft. fill) under the mainlanes, and a low fill
region (8 to 10 ft.) under the frontage road. In the regions under high fill, 1 in. diameter reinforcing
bars extend from the footings and splice with identical bars in the floor slab which extend to the opposite
footing. These reinforcing bars, which are shown in Detail F of Figure 1.2, tie the footings together and
resist outward horizontal movement of the footings during vertical loading. The 1 in. diameter bars were
not placed in the floor slab in the regions of low fill. In these regions outward footing movement is
resisted only by the surrounding soil. The concrete strength of the arch is called out as Class H concrete
(minimum compressive strength of 5000 psi). The concrete strength of the footings and floor slab is
called out as Class C concrete (the standard Texas Highway Department six sack concrete mix with a
minimum compressive strength of 3600 psi). All reinforcing steel is A615 steel with a minimum yield
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stress of 60,000 psi. The approximate 28-day cylinder compression strength of the culvert concrete is

7000 psi. Due to a mix-up in record-keeping, the exact strength of the concrete in the instrumented
culvert sections is unavailable but the 7000 psi strength is a good approximate value based on the
available measured strengths for the mix design used for the culvert. The measured strength of the
concrete in the floor slab is 6000 psi.

The soil surrounding the culvert consists of a cement stabilized foundation beneath the footings
and compacted silty clay in the embankment above and around the culvert. The original brown sandy
clay soil beneath the culvert was judged too soft to adequately support the culvert footings. Therefore,
it was excavated down to a layer of hard shale approximately 9 ft. below the bottom of the culvert
footings, mixed with 3% cement, and replaced as compacted fill. The average dry density and moisture
content measured during stabilization of this soil was 128 1b./ft.> and 9% moisture (by weight). This met
the required minimum density of 95% of the THD TEX-113-E proctor optimum density of 133 Ib./ft.>3.
The embankment was constructed with compacted tan, silty clay with an average dry density of 111
Ib./ft.® and an average moisture of 15% based on nuclear density measurements at several lifts. The
corresponding average total unit weight is 128 pcf. This soil also met the minimum density requirement.
The high fill region of the culvert near the instrumented sections in Figure 1.1 was placed through an
existing embankment. In this region, the existing embankment was excavated down to the previously
mentioned shale layer on a 1:1 slope so that approximately 85 ft. of working area was created at the
elevation of the arch culvert and this area was then backfilled with cement stabilized soil beneath the
culvert and compacted silty tan clay up to the highway grade. This is illustrated in Figure 1.3. There
is no description available for the existing embankment soil but, based on field observations, it is similar
to the tan silty clay used to backfill around the culvert. No laboratory soils testing was performed on the
backfill soil. As the background section indicates, previous studies have shown that knowledge of the
exact soil properties is not usually required to achieve a good model of soil-structure response for rigid
culverts. It was felt that the limited project financial resources were best spent on purchasing reliable
long-term gages and on long-term monitoring efforts.

approx. 85 ft.
approx. 67 ft.
Ayg, Avg.
91t | 81t 33.38 fi. 8ft. |9ft
‘ //;_/ Culvert Footing ‘ ‘
Vo i, 5-in. Class "C" Concrete
I il |
P’ | “\
’ .
11 S 11 9ft.  Cement Stabilized Backfill L1y 11
4 LY
4 A

Figure 1.3 Typical section through high fill region showing cement stabilized backfill foundation



1.2 Culvert Instrumentation and Deflection Monitoring System

All the instrumentation was concentrated at the three cross sections called out in Figure 1.1.
These cross sections are designated Arches A, B, and C for purposes of identification. The
instrumentation consisted of embedded concrete strain gages placed at mid-depth through the culvert
thickness and soil stress gages mounted on the outside culvert surface. Figure 1.1 shows the locations
in each cross section where strain gages and soil pressure gages were installed. Deflections were also
measured at eleven locations marked by nails installed along the inner surface across each instrumented
cross section. Gage readings were made during the placement of fill and at least four times each year
(once each season) after the fill was placed during the monitoring period of thirty months. After thirty
months the wires attached to the strain gages and soil pressure gages had corroded to the point where no
further measurements could be made. Except for a few cases, each time gage readings were made,
deflections of the arch were also determined by measuring horizontal and vertical angles to the nails on
the inside surface of the culvert and using triangulation to calculate the culvert deflections from the angle
measurements.

1.2.1 Soil Pressure and Arch Strain Gages. The strain gages and soil pressure gages used to
instrument the culvert were purchased from Geokon Inc. in Lebanon, New Hampshire. Figure 1.4 shows
a photograph and the dimensions of the Geokon Model VCE-4200 concrete strain gages?*? which were
embedded in the culvert. Figure 1.5 shows a photograph of the soil pressure gages (Geokon Model
4800E) that were attached to the culvert surface. A vibrating wire transducer is used in both gages. This
transducer is essentially a thin wire, clamped under tension at both ends. The wire vibrates at its lowest
natural frequency when it is excited by a dynamic force. The natural frequency of the wire, which is
proportional to the square root of the tension in the wire, changes as the clamped ends move relative to
each other. A small electrical coil attached to the gage near the midspan of the wire supplies a dynamic
electromagnetic force which excites the wire when a voltage pulse is sent through attached wiring. The
nonconstant current in the coil causes a changing magnetic field in the coil which momentarily attracts,
or excites, the thin metal wire. After it is "plucked" in this manner, the wire vibrates in free vibration
at its natural frequency. As the wire vibrates it induces an alternating voltage in the same coil which
excited the wire. This voltage signal, which has a frequency identical to the frequency of the gage wire
vibration, is transmitted through the wiring attached to the coil to a frequency counter which counts the
time required for a set number of cycles. This is illustrated in Figure 1.4. The wiring from the strain
gages and soil pressure gages are connected to a readout box each time measurements are made. This
box is the source for the excitation voltage pulse and it contains the frequency counter.

The readout box is programmed to calculate the strain in the Geokon strain gages using the
vibration frequency and the theoretical relationship between the fundamental vibration frequency of the
wire, the tensile strain, and the known vibrating wire properties and gage length. The gage strain is equal
to the surrounding concrete strain since movement of the surrounding concrete causes equal movement
of the two disks at either end of the gage. Therefore the gage only measures strain along its long axis.
The total concrete strain, except for temperature strain, is equal to the change in gage strain after
embedment. The gage can only measure concrete movement which affects the elastic strain, or stress,
in the vibrating wire. Temperature change causes the vibrating wire length to change by almost the same
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amount as the concrete within the gage length and, therefore, very little change in wire stress occurs.
Some temperature induced stress change does occur in the wire since the thermal coefficient of expansion
of the vibrating wire is somewhat larger than that of the surrounding concrete. Therefore, the concrete
restrains a small proportion of the temperature induced free expansion and contraction of the vibrating
wire and this causes a change in the elastic strain of the vibrating wire which must be subtracted out in
order to obtain a meaningful measurement. This is discussed in more detail in Chapter 2 in the section
on accuracy of the measured strains, but the following example is helpful in understanding this issue.
If an unrestrained concrete sample with an embedded vibrating wire gage is uniformly heated, the initial
gage reading will indicate that the applied heat has caused a small compressive strain in the concrete.
The concrete has in fact expanded, but it has expanded less than the free expansion of the vibrating wire
at the given temperature, which causes relaxation of the tension in the vibrating wire, and this is
measured as a compressive strain in the concrete. The corrected gage reading, which subtracts out the
temperature induced change in wire tension strain, is zero strain change. The vibrating wire strain gage
will measure shrinkage, creep, and elastic concrete strains, since it just "observes" these phenomena
without reacting to them; it cannot be used to measure temperature effects since the gage itself reacts to
applied temperature changes.

Embedded vibrating wire strain gages were placed near the springlines and at the crown of all
three instrumented cross sections during construction of the arches at the casting yard. Figure 1.1 shows
the locations of the embedded strain gages in the arch and in the floor slab (with the letter "A"). The
gages were well tied into the reinforcing steel cage, at mid-depth through the thickness, and oriented with
their long axis tangent to the arch profile. The springline gages were placed 4 ft. up from the footings,
and measured along the arch profile to avoid measuring edge effects. A strain gage was also placed at
the crown, or midspan, of each instrumented culvert section. The placement of concrete in the arch
forms and the insertion of vibrators in the forms was supervised by a member of the research team so
that no concrete was dumped near the gage locations and no vibrators were inserted near these locations.
The wiring attached to the gages was placed in a short length of plastic pipe which was tied flush with
the forms during casting. Unfortunately, the short pipe sections were only tied off to one face of the
reinforcing cage and therefore rotation of the pipes was not totally prevented. Evidently, pipes containing
wiring from gages near the springlines of Arches A and C rotated during placement or vibration of the
concrete because they could not be located after the forms were removed. Therefore, Arches A and C
were instrumented with only one accessible strain gage near a springline, while Arch B was instrumented
with accessible strain gages located near each springline at symmetrical locations.

Figure 1.5 shows a schematic view of the soil pressure gages. These gages are essentially a pair
of thin 9 in. diameter metal circular plates welded together around the periphery and separated by a thin
layer of antifreeze solution. A change in the fluid pressure changes the tension of the vibrating wire in
the transducer attached to the fluid between the plates. Only soil pressure normal to the gage surface is
measured since shear stresses on the plate surface will not change the internal fluid pressure. The readout
of the signal from the vibrating wire transducer is in terms of strain which is converted to fluid pressure
(and thus soil pressure) during data reduction with a gage factor that is determined by the manufacturer
during factory calibration of the gages. The vibrating wire transducers in the soil pressure cells, as well
as the metal plates, also react to temperature change. Since the temperature effect is primarily confined
to the unit itself (i.e. dependent on the expansion of the metal plate volume and the vibrating wire length)
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rather than on surrounding in-place material, a temperature correction factor for each pressure cell is
determined at the factory. Unfortunately, the temperature dependency is not totally independent of the
surrounding material since the pressure cells are bonded to underlying concrete and surrounded by
concrete grout as is explained below. It is practically impossible to determine the in-place temperature
dependency of the gages without an in-place calibration but fortunately the temperature dependency is
very small. This is discussed in more detail in Chapter 3.

Figure 1.1 shows the locations where the soil pressure gages are attached to the exterior of the
culvert (with the letter "S"). At Arch A two soil pressure gages were placed at symmetric locations near
the crown and two gages were placed at symmetric locations near the springline. The gages near the
crown were placed 56 in. off the crown in each direction and the gages near the springline were placed
56 in. up from each footing. At Arch C two soil pressure gages were placed at symmetric locations 56
in. either side of the crown. All dimensions were measured along the arch profile. The gages were
epoxied to the concrete surface after the arches were placed in the field. In order to cause a flush surface
between the 1/4 in. thick soil pressure cells and the surrounding concrete, high strength grout was placed
around each gage flush with the top of the gage and transitioned on a smooth slope down to match flush
with the concrete surface over a 18 in. length. All soil stress and arch strain gages were placed along
the middle of the 8 ft. width of each instrumented culvert segment.

1.2.2 Deflection Monitoring System. The deflections of each instrumented cross section were
calculated from horizontal and vertical angles measured using a triangulation system. Two survey points,
or floor points, were embedded in the culvert floor near each instrumented cross section and a theodolite
was positioned first over one survey point, and then over the other. Vertical and horizontal angles were
read to all eleven nails installed along the inner surface of the instrumented culvert cross sections. The
nails were spaced along the inside face of the instrumented cross sections from footing to footing at
approximately 5 ft. intervals. The distance between the two floor points at each cross section was
measured with a steel tape. This deflection monitoring system, which is relatively "invisible" and does
not incorporate any permanent devices which protrude from the inside surface of the culvert, was chosen
to reduce the chances that the monitoring system would be destroyed or affected by vandalism.

The vertical and horizontal positions of the nails in the culvert were calculated from the angles
measured at the floor points and from the measured distance between floor points using triangulation.
This will be briefly explained. The two floor points and each nail form a triangle in the horizontal plane.
The measured horizontal angles at each floor point are used to calculate the third horizontal angle in the
triangle at the nail of interest. Using the law of sines, the three known interior angles of the triangle,
and the known length of the side of the triangle between the floor points, the other two sides of the
triangle, which are the horizontal distance from each floor point to the nail of interest, are calculated.
In the vertical plane, each floor point is in a separate right triangle with the nail of interest. The vertical
position of the nail of interest (relative to the theodolite height) is established at each floor point using
the horizontal distance from the floor point to the nail and the measured vertical angle. The vertical
position of each nail relative to the theodolite is then converted to a nail height relative to the nail just
above the east footing by subtracting the height of each nail from that of this "baseline" nail. Separate
heights are calculated for each nail at each floor point and the average of these two heights is used for
deflection calculations. The horizontal positions of all nails (in the plane of the instrumented cross
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section) are also calculated relative to the baseline nail. Deflections are calculated as the difference
between nail positions relative to the baseline nail at any time of interest and that measured prior to
placement of fill around the culvert. This measuring system does not detect overall displacement of the
culvert considered as a rigid body. Since no benchmark outside the culvert was available, overall
displacement or change in location was not measured.



CHAPTER 2
ACCURACY OF THE CULVERT MONITORING SYSTEM

The interpretation and discussion of the measured culvert response is affected by the accuracy of
the soil pressure gages, concrete strain gages, and the deflection monitoring system. Therefore, the
accuracy of these measurements will be discussed first, in this chapter, and the measured response will
be presented and discussed in the next chapter. As the discussion in this chapter shows, the strain gages
and soil pressure gages are thought to be more accurate than the deflection monitoring system. Most of
the lack of accuracy in the soil and pressure measurements is due to unknowns in the temperature history
at the gage locations. As discussed in Chapter 1, corrections must be made to the gage measurements
to correct for temperature induced changes in gage properties. The difficulty in siting on the nails
embedded in the inside face of the culvert, which function as fixed survey points on the culvert, is
thought to be the primary factor affecting the accuracy of the deflection monitoring system. It is almost
certain that the error in the measured horizontal deflections is very significant compared to the measured
values. The error in the measured strains may also be significant compared to the strains measured at
some locations, where only small strains occurred.

2.1 Accuracy of Concrete Strain Gages

The accuracy of both the strain gage and the soil pressure cell are primarily dependent on the
accuracy of the vibrating wire transducer. Error in the measured strain in the vibrating wire transducer
is introduced by error in the measured vibration frequency, error in the assumed wire properties and gage
length, and temperature effects on the vibrating wire which are not accounted for. These sources of error
will be discussed in the order they appear above.

The frequency counter in the readout box is very accurate. According to the manufacturer, the
readout box can read a frequency of 500 cps (which is at the upper end of the vibration frequencies of
the vibrating wire) with an accuracy of 0.001% when compared to standards traceable to the National
Bureau of Standards.?? Since strain is proportional to frequency squared, and the concrete strain is the
difference between two measured strains which may both be in error, this corresponds to an accuracy of
0.004% in the measured concrete strain. Therefore, any error in the measured strain due to error in the
measured frequency is negligible.

The accuracy of the wire properties and gage length used with the vibration frequency to calculate
wire strain are not determined by the manufacturer individually for each gage based on traceable
standards. The Geokon company has performed a series of tests on vibrating wire strain gages where
gage measurements of strain in a steel member were compared to strains determined from the average
of the displacements measured by two precision DCDTs (DC linear variable displacement transducers).?3
The vibrating wire strain gages used in these tests were very similar to the VCE-4200 model except that
the two ends of the gages were bolted to the steel member rather than embedded in concrete. These tests
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showed that all twelve vibrating wire strain gages used in the study measured strain very accurately
compared to the DCDTs at eight different loads. In general, strains from strain gages matched the
average measurement made with the two DCDTs within +0.5%.

As a rough check of the ability of the VCE-4200 gages to measure concrete strain under load,
one vibrating wire strain gage was embedded in a 12 in. high concrete cylinder which was subjected to
a compression test. No high precision equipment, such as the DCDTs used by Geokon, was available
to measure the deflection of the cylinder. However strain was measured with the embedded strain gage,
stress was calculated based on the applied load, and a realistic Youngs Modulus was calculated (4.7 x
106 psi for 6000 psi strength concrete). Therefore, a gross check was performed on the ability of the
strain gage to measure strain in concrete under stresses between 100 and 1000 psi.

Change in vibrating wire properties over time can occur. A reduction in wire tension due to
factors such as corrosion, slip, or creep of the vibrating wire is possible. This causes zero drift usually
in the direction of decreasing tension (i.e. increase in apparent concrete compression strain and increase
in apparent earth pressure). Proper sealing of the vibrating wire and use of high quality clamps and wire
reduce the possibility of zero drift. Vibrating wire gages are very good for long-term field measurements
in that the output signal is a voltage frequency, as explained in Chapter 1, rather than magnitude of
voltage or resistance. The frequency of a voltage output is usually a more reliable measurement than the
magnitude of voltage or resistance because the frequency is relatively unaffected by factors such as signal
cable resistance, contact resistance, leakage to ground, or length of signal cable, which can significantly
affect the magnitude of a measured voltage or resistance.?*

Since drift due to changing wire properties is known to be a potential problem with vibrating wire
transducers, the Geokon corporation has an ongoing, long-term effort which monitors the long term
stability of their gages. In one such study they have monitored their Model VCE-4200 and Model VCE-
4000 vibrating wire strain gages over an eight year period.”’ The Model VCE-4000 gage is virtually
identical to the VCE-4200 gage except it is arc welded to steel members. Figure 2.1 shows results from
their investigation. Figure 2.1a shows the strains measured in two Model VCE-4200 vibrating wire strain
gages embedded in 5 in. x 9 in. x 2.5 in. concrete test specimens made with 3000 psi concrete and
submerged in a water bath. A perfectly stable gage would measure no strain change with time assuming
the concrete volume remains constant. Sample gage A shows a peak strain variation of 50 x 10 in./in.
over the eight year period. Gage B has a peak strain variation of 90 x 10" in./in. In both gages there
is a gradual drift of increasing measured tension or concrete expansion. For Gage B, where this drift is
most noticeable, it is occurring at a rate of about 15 x 10 in./in. per year. These specimens were not
originally placed in a water bath and therefore substantial initial shrinkage of the concrete occurred. The
data in Figure 2.1a shows only data points measured after the test specimens had been inserted in the
water baths and were judged to have swelled from the shrunken state to a more or less constant volume.
However, some of the change in strain in Figure 2.1a may be due to the continual absorption of water
by the concrete specimens and thus continued swelling rather than drift in gage measurements.

Figure 2.1b shows data from a Geokon Model VCE-4000 vibrating wire strain gage welded to
a steel I-beam. The VCE-4000 gage has the same vibrating wire transducer used in the VCE-4200
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concrete strain gage, and is otherwise almost identical to the VCE-4200, except that it has mounts that
can be welded to steel at each end of the gage rather than the disks at either end of the gage shown in
Figure 1.4. Since steel is a more stable material than concrete, any variation in measured strain for this
case can more confidently be attributed to variation in the gage. As Figure 2.1b shows, the strain
variation is much smaller for this gage, only 9 x 10 over an eight year period for the two gages that
were monitored. There is a slight drift of increasing tension in one of the gages and a slight drift of
decreasing tension in the other so that, on the whole, the variations seem to be random. This data
indicates that the Geokon vibrating wire strain gages are very stable over a time period that is much
longer than the monitoring period reported here for the culvert.

A final important variable which affects the accuracy of the measured strains is temperature.
Figure 2.2 from Reference 26 illustrates the effect of temperature on measurements made with a vibrating
wire transducer. This figure shows the gage reading and the corrected gage reading from a vibrating wire
displacement gage that is attached to a steel beam subjected to the temperature history shown in the
figure. The beam is subjected only to the temperature change, it not subjected to any stress or restraint.
This figure shows the gage reading in terms of its vibration frequency squared, which is directly
proportional to the gage displacement. Therefore, a decrease in frequency is equivalent to an apparent
shortening of the beam. Figure 2.2 shows that the (uncorrected) gage reading decreases, or becomes
more compressive, as the temperature increases, but the corrected gage reading is not affected by
temperature change. The large initial drop in the corrected gage reading is thought to be due to creep
in the attachments between the gage and steel beam. The corrected reading, which does not include any
temperature induced strain in the beam (it would include strain from temperature induced stresses or
eigenstresses), corrects for the fact that there is a difference in the thermal coefficients of expansion
between the vibrating wire and the steel beam. Based on the data in Figure 2.2, the thermal coefficient

Temp.
°¢c
8820 0
8810 as
£ 0.15% F.S. (0.002 mm)
3 8800 o
< LY
g groo - 0 = ‘ . Temperature P
Foe e T —a
S0 BBOR e 2 20
R D J— "
E o770 | g W e -l
T N
.. h' . ’
g 8760 |- 7 Comonted G i
o Gage Reading rrected Gage
Reading
8750 |- s
8740 ! | | L | | L,

0
0 100 200 300 400 500 600 700 800 900 1000

Figure 2.2 Corrected and uncorrected readings from a vibrating wire transducer subjected to
temperature change (Reference 28)



15

of expansion of the vibrating wire in the iransducer is greater than that of the steel beam so that the beam
restrains the free expansion of the vibrating wire during a temperature rise causing relaxation of the
vibrating wire. This is measured as an apparent (false) shortening in the beam prior to correction. The
accuracy of the correction factor, and thus the corrected gage reading, is dependent on the accuracy with
which the temperature history and material coefficient of expansions are known.

Since the vibrating wire in the VCE-4200 strain gages also has a higher coefficient of expansion
than concrete, a temperature rise will cause a similar apparent (false) compression to be measured in the
concrete. As discussed above, this temperature induced change in strain is not a measure of concrete
temperature strain, since it is due to the differential effect of temperature on the wire and surrounding
concrete, and therefore it is an error which must be subtracted out of the measured strain. The corrected
strain includes strains due to stress (load induced stress and temperature induced stress), creep, and
shrinkage, but not temperature as discussed in Chapter 1. The corrected strain is calculated from the
measured strain as shown in the equations below.

e=e_-¢€, 2.1)
e, =(a,-a)x(T,-T)=(,-a)xT, 2.2)
where €n measured strain,
e, =  correction factor,
a, =  coefficient of thermal expansion for the vibrating wire,
a, =  coefficient of thermal expansion for the concrete,
T; = temperature at time strain is measured,
Ty, =  temperature at time of initial gage reading, and
T, = temperature change = T; — T,.

Unfortunately, the only variable in Equations 2.1 and 2.2 which is known with a high degree of accuracy
is the thermal coefficient of expansion of the vibrating wire (6.7 x 10 in./in./°F). However, reasonable
ranges for the other variables can be defined based on information in the literature and temperature
records from the National Oceanic and Atmospheric Administration (NOAA) measured in San Antonio
during the culvert monitoring period.

The thermal coefficient of expansion is discussed for a broad range of concrete types in Reference
27. This reference reports a range of measured thermal coefficients for concrete made with limestone
aggregate between 2.0 x 108 in./in./°F and 5.7 x 10 in./in./°F. The median of this range is 3.9 x 10°
in./in.°F. This reference also presents a method for calculating the coefficient of expansion based on
the aggregate type and the approximate saturation condition. The calculated coefficient of expansion for
the concrete in the culvert using this method is 4.6 x 10 in./in./°F based on limestone aggregate and
assuming the concrete is partially to fully saturated. The presence of the fill on one side of the culvert
is assumed to keep the saturation at a higher level than that which would occur in an uncovered outdoor
structure, and therefore the lowest saturation range in the methodology, partially saturated decreasing with
time to the drier condition, was not used. In order to limit the potential error between the unknown
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concrete coefficient of expansion and the assumed value, the median of the measured coefficient of
expansions in concrete with limestone aggregate reported in Reference 27 (3.9 x 107 in./in.°F) is assumed
in the calculated correction factors used to determine the temperature corrected strains reported in the
next chapter.

Daily temperature records (high and low temperature) are available from the National Oceanic
and Atmospheric Administration (NOAA) which also show the moving 7-day average high and low
temperatures.3® An approximate relationship between air temperature and the temperature near mid-
thickness of the culvert where the gages are located can be based in part on data from Reference 28. This
reference presents the results of a long-term experimental study of a concrete bridge by Wilson, et al.
which shows that the internal temperature of a partially shaded concrete member surrounded by air is
virtually constant within a given day (it changed by no more than 10°F on a given day during a two year
monitoring period) at a value near the average of the mean daily temperatures over the previous three
days. This was true at the two points where temperature was measured, at a distance of 3 in. from the
surface and at mid-thickness (15 in. to 20 in. from the surface). Figure 2.3 shows results from the study.
Unlike the bridge studied in Reference 28, the culvert is covered with deep soil fill on one side which,
at a some distance out from the culvert, remains at a temperature close to the yearly average temperature.
The soil temperature is relatively constant at some depth away from the culvert walls and this has a
stabilizing effect on the culvert temperature relative to a case where air surrounds the structure. Thus,
it is reasonable to expect that the culvert wall temperature responds more slowly to changes in air
temperature than the bridge member shown in Figure 2.3. For this reason, it is assumed here that up
until the time the culvert has three feet of fill over the top, the concrete temperature at the gage location
is equal to the average of mean temperatures from the previous three days. After this time, due to the
presence of the fill, it is assumed that the temperature in the concrete near the gage locations is equal to
the average temperature over the previous seven days.

Obviously, the lack of certainty in the concrete temperature and thermal coefficient of expansion
introduces error in the corrected, or actual measured strain. The error in the correction factor can be
calculated with Equations 2.3 and 2.4.

ey =(a,~a,+a)(T+ T)-(a, -2 )(T,) @3)
e;'=(a, ~a)(T) +(@)(T)+@)X(T") 24)
where € = maximum error in the correction factor e,
! =  maximum error in the concrete coefficient of expansion a,;, and
T’ = maximum error in the temperature change T, = twice the maximum error in a

temperature measurement.

Assuming the values shown below for a’ and T’, the maximum error in the correction factor is +8.2x
10 in./in. in the summer and +6.4 x 10 in./in. in the winter. The value for a’ is based on the
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difference between the extreme measured values of the thermal coefficient of expansidn of concretes with
limestone aggregate, as reported in Reference 27, and the assumed value. As mentioned above, the
assumed value is at the midpoint of the reported range of values. The value for T’ may be too large
when considering the maximum values for T, shown below.

a’ = +1.8x10%/°F
T = +10°F
T. = +20°F (summer) and -10°F (winter) from the NOAA records and the assumed

relationship between air and concrete temperature.

If half the estimated values of a’ and T’ above are used, the maximum error in the correction factor is
+3.9 x 107 in./in. in the summer and £2.9 x 107 in./in. in the winter. These latter values, which
represent a worst case combination of the assumed errors in temperature and coefficient of thermal
expansion, but which assume more realistic bounds on these errors, are considered to represent a realistic
upper bound of the error in the measured strain.

The estimated maximum error in the temperature correction factor of 3.9 x 107 in./in. adds to
any error in ey, the uncorrected measured strain, to equal the total maximum error in the measured
strain.  As discussed above, the error in e compared to strain measurements with the two precision
DCDTs was only +0.5%. Assuming, as a worst case, that this difference is due entirely to error in the
vibrating wire strain gages, and noting that the maximum measured strain in the culvert is approximately
0.0012 in./in., the maximum error in e is 6 x 10 in./in. The possible error in the measured strain due
to drift, as measured on the steel beams in Figure 2.1b, is also less than 1 x 10 in./in. over an eight
year period. Assuming that any error caused by drift over the 2.8 year monitoring period would be less
than one-half this much, this source of error is also very small. Therefore, 5 x 107 in./in. represents
the upper bound on the expected error in the measured strains presented here.

Again it is repeated that the measured strains do not include temperature strains. In future studies
it is recommended that the concrete thermal coefficient of expansion be determined in laboratory tests and
that additionally, "temperature correction" strain gages be placed in structures along an axis which is not
affected by the applied loads to measure the effect of temperature change acting alone on the vibrating
wire strain. Since these gages would not be subject to strains from stresses or creep, the measured strains
could be used directly to get the correction factor e, discussed above after the primary effects of shrinkage
were assumed to have ended. Finally, knowledge of the concrete thermal coefficient of expansion and
the change in vibrating wire strain induced by temperature alone can be used to calculate both the
temperature history in the concrete at the strain gage depth and the concrete temperature strains.

2.2 Accuracy of Soil Pressure Cells

As discussed in Chapter 1, the Geokon Model 4800E-100 soil pressure gages used in this field
study measure change in the internal fluid pressure, and thus soil pressure, based on the change in tension
strain of the vibrating wire in the transducer attached to the gage. This was illustrated in Figure 1.5.
The wire strain is related to the fluid pressure by means of a gage factor. The gage factor for each soil
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pressure gage was determined by means of a factory calibration at 20 psi increments between 0 and 100
psi. Since all measured pressures in this study were 30 psi or less, the gage factor from the first 20 psi
increment is used to convert wire strain to gage pressure. All Model 4800E-100 gages are calibrated to
an accuracy of plus or minus 0.25% full scale against standards traceable to the National Bureau of
Standards.”” Since the gages are designed to measure pressures up to 100 psi, this corresponds to an
accuracy of +0.25 psi.

Long-term drift in the measured pressure is also a potential source of error. Since the soil
pressure gages use a vibrating wire transducer produced by the Geokon company, the data shown in
Figure 2.1, and discussed above, infer that the soil pressure gages are also very stable against long-term
drift. The Geokon company has also performed long term testing of their soil pressure cells which is
summarized in Figure 2.4. The pressure reading is shown in terms of the vibration frequency of the
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Figure 2.4 Measured pressure in Geokon pressure cells maintained in a stable laboratory

environment for seven years (Reference 28)

vibrating wire in the transducer — the gage factor has not been applied. However the pressure is directly
proportional to the vibration frequency squared. As would be expected based on the data in Figure 2.1,

the pressure cells show very little long-term drift.

The soil pressure cells are also sensitive to temperature change. A temperature correction factor,
which is multiplied by the temperature change and added to the measured pressure, is determined by the
manufacturer for each gage. This factor corrects for the apparent change in pressure caused by a
temperature increase under laboratory conditions. Temperature affects both the tension in the vibrating
wire in the transducer and the volume of the pressure cell. The largest temperature correction factor for
the soil pressure gages installed on the culvert is -0.027 psi/°F. Using an estimated maximum
temperature change of 20°F in the summer, the maximum pressure correction is 0.54 psi. This is a very
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small pressure compared to the 100 psi full scale pressure the gage is designed to read and therefore the
gages are generally insensitive to temperature. However, 0.5 psi is significant compared to the measured
soil pressures under the low fill (3 to 5 psi) and therefore the temperature correction factors have been
applied to the pressures presented in the next chapter. The same estimated temperatures used to correct
the measured strains for temperature effects were used to correct the measured pressures. Assuming the
worst case 10°F error in the estimated temperature used above, the corresponding error in the measured
pressure is 0.25 psi. This is equal to the maximum error in the calibration factor and therefore does not
represent a significant loss of accuracy. Also, the temperature correction factor was presumably
determined in the factory using the same standards as the calibration factor. Therefore, it is subject to
a maximum error of 0.25 psi itself.

Another complication that affects the correction factor for temperature change is the fact that this
factor, which was determined in the laboratory, does not account for any field constraints on the
temperature induced change in the pressure cell volume. In the laboratory, the cell is free to expand and
contract during a temperature change. Depending on whether the fluid inside the cell wants to expand
more or less than the steel cell, field constraints on the pressure cell expansion could act to increase or
decrease the apparent pressure relative to that calculated using the factory determined temperature
correction factor.

The "effective” accuracy of any gage is also reduced if the presence of the gage affects the
response it is intended to measure. In the case of the soil pressure cells, it is important that the gages
do not affect the local distribution of soil pressure on the culvert. The cell is manufactured to be
approximately as stiff compared to clay or sandy soil as concrete. For this reason, it is essential that the
gages be placed flush with the culvert surface. If the cell protrudes significantly from the concrete
surface, it will attract stress from surrounding soil outside the limits of the cell surface area because of
the high stiffness of the cell relative to the stiffness of the layer of soil around the gage in contact with
the concrete surface. The measured pressure will not be representative of the soil pressure that would
occur if the gage were not present. The reverse situation can occur if the gage is recessed from the
concrete surface. Since the culvert segments were precast in expensive reusable steel forms, attaching
the soil gages or any blockouts to the forms was not an option. Therefore, the soil pressure gages were
epoxied to the culvert outer surface and high strength grout was placed up to the top face of the pressure
cell over a large area of the structure around the gages to cause the gage face to be flush with the
surrounding surface. The grout was sloped down very gradually to the original culvert surface at a
distance several cell diameters away from the cell so that no abrupt protrusion would exist on the
structure surface. '

It is generally a good check on the soil pressure gages to place at least one gage, which is
attached to a concrete panel in the same manner the gages are attached on the culvert, at a distance from
the culvert where a free field vertical stress is expected. A comparison of the measured pressure with
the calculated free field soil pressure can then be used to assess the influence of the gage mounting system
on the measured pressures. The culvert was placed near an existing embankment, as shown in Figure
1.3, and there was not any space available between the culvert and the existing embankment where the
free field stress could confidently be expected to occur. It was decided that the gages would be placed
in symmetrical locations on the culvert so that the total number of available gages could be used to
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measure soil pressures on the culvert and a comparison of symmetrically placed gages could be used as
the primary means of checking for any significant error due to a disruption of the local soil pressure
distribution by the gages. This assumes that if the gage properties, or the manner in which the gage is
mounted, influence the measured soil pressures, this influence will cause errors which are not uniform
at the different gage locations. Obviously it would be better to avoid relying on such an assumption, but
no better, workable option was apparent.

The estimated error of the measured soil pressures is, at worst, +0.5 psi based on the maximum
£0.25 psi error possible in the calibration and the additional error introduced by the temperature
dependency of the gages. The lack of a reliable temperature history at the gage location and the lack of
a temperature correction factor determined from as-installed testing both contribute to the estimated error
due to the temperature dependency of the pressure measurements. Fortunately, the gages are relatively
insensitive to temperature change. Finally, it is always possible that the properties of the gage itself are
influencing the measured soil properties. However, there is no evidence that this is a significant problem
in this study. First of all, a flush surface over the instrumented area of the structure was provided and
experience indicates this is the most important requirement for proper placement of a contact pressure
cell.?* Also, the measured pressures presented in the next chapter show that two out of the three sets of
symmetrically placed pressure cells measure soil pressures within 20% of each other. Since errors caused
by incorrect gage placement are likely to be unequal at each gage location, the close correlation between
pressures measured at different locations in this field study adds confidence to the basic accuracy of the
measurements. The set of gages which do not measure similar pressures are located in the low fill region
very near the top edge of a slope, which may be the cause for the relatively large difference in measured
pressures. This is discussed in more detail in the next chapter.

2.3 Accuracy of Deflection Monitoring System

The accuracy of the measured deflections is the most difficult accuracy of the measured
parameters to estimate. Since the deflections were measured using a triangulation system as described
in Chapter 1, the accuracy of these measurements is dependent on the accuracy of the surveying method.
This can be broken into two broad categories: 1) the accuracy of the equipment, which is relatively easy
to determine, and 2) the accuracy with which the equipment was used, which is much more difficult to
determine. The equipment was quite accurate, especially at the short distances used between surveying
points. The basic surveying setup was such that very accurate measurements could be made. However,
detailed analysis of the surveying measurements indicates that the overall accuracy is much lower than
was originally anticipated. The most likely cause for this is limited accuracy in siting on nails in the
culvert wall which were used as survey target points. The equipment and surveying setup will be briefly
discussed first and then the problems associated with siting on the nails, and the loss of accuracy caused
by these problems, will be discussed in detail.

At different times during the monitoring period, angles were read with several different
theodolites, the least accurate of which was a theodolite with markings every 5 arc-seconds. All
theodolites were calibrated against the traceable standards typically used by commercial surveying
companies for calibration. The lengths between survey points were kept to a minimum by locating the
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floor points very close (within 35 ft.) to the nail points. Some of the angles within the triangle in the
horizontal plane between the floor points and the nail of interest were small (less than 20°). This is
generally discouraged for triangulation since any given error in angle measurement will cause a larger
percentage error in the measure of a small angle. However, the distances were much smaller than those
normally used for surveying and therefore any error in angle measurement within the resolution of the
theodolite could not result in a significant error in nail position (an error greater than 0.02 in.). Also,
experienced surveyors were used throughout the monitoring period. Early in the project, a graduate
student who was a teaching assistant for a surveying class did most of the surveying and later in the
project (after September 1988) a professional surveyor was hired to perform each survey. By September
of 1988 it was apparent that the accuracy of the measured deflections was not as high as was desired.
In an attempt to improve the accuracy as much as was possible at that time, each horizontal and vertical
angle taken during the surveys was read at least twice. After each angle reading the theodolite crosshairs
were taken off the target and realigned. If the second measurement was more than 10 arc-seconds
different from the previous measurement, which rarely happened, more measurements were taken until
it was clear which two measurements were most correct. The two closest measured angles were averaged
to get each final measured angle used in the triangulation calculations.

Length measurements were made with a high quality steel tape which was marked off to a one-
hundredth of a foot. The lack of precision caused by the relatively large distance between tape markings
does seem to have a some effect on the accuracy of the measured deflections. This will be discussed later
in this section. The distance between floor points was always measured at least twice, or until two
measurements were within 0.005 ft., and then averaged. Two measurements were always sufficient to
determine the measured lengths between floor points used in the triangulation calculations.

As mentioned above, it is thought that the accuracy of the deflection measurements is most
affected by difficulties in siting accurately on the nail heads. The difficulties are due to at least two
primary causes. First, the nails were placed flush, or nearly flush, with the concrete arch surface.
Therefore, instead of being perpendicular to the line of site, as is typical for a surveying target, the nail
heads were partially parallel to the line of site. A pointer, such as a pencil, was used to locate the
approximate center of the nail head and the surveyor focused on the intersection of the pencil point and
the nail head surface. The orientation of the arch surface relative to the line of sight made it difficult to
focus exactly on the nail-pencil intersection. Also, the relatively slight movements of the pencil point
which occurred during the time required to line up the horizontal and vertical focusing screws most
probably affected the angle measurements. Secondly, the nail heads, which were approximately 0.2 in.
in diameter, did not have any marking on them. During surveying, the pointer was placed at the
approximate center point of each nail head. Therefore, the position of the exact same point on the nail
head was not measured each time a survey was done. The importance of the head marking was not
appreciated until after the nails were installed.

Fortunately there is a means to quantify at least some of the inaccuracies in the deflection
measuring system which are probably due to difficulties in accurately siting on the nail heads. As stated
above, the vertical position of the nails, relative to the baseline nail near the left footing, were
independently calculated from vertical angle measurements made at each floor point. Since the relative
height of the nails was constant during each survey, any deviation between the two heights measured from
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Figure 2.5  Difference in height of target points of culvert measured from two survey points

the two floor points can be attributed to surveying error. Figure 2.5 shows the difference in measured
nail heights (relative to the baseline nail as discussed above) across Arch B for each survey. Points
corresponding to the same survey are connected with lines. The difference in measured nail heights is
similar at the other two instrumented cross sections.

A clear trend can be seen in Figure 2.5 which can be used to help understand a major source of
error in the surveying system. The difference between measured heights from the two floor points drifts
from a value of zero at the baseline nail (by definition) at the horizontal position 0.0 ft. to a maximum
value at the opposite footing, which has a horizontal position of approximately 40 ft., for most of the
surveys. This is particularly true after September 1988 when professional surveyors were used.
Therefore, the difference in measured heights of a nail from the two floor points, which indicates error
in the measurements, is not totally random. A probable cause of the apparent systematic error is
illustrated in Figure 2.6. The surveyor’s view of the nails near the footings is significantly different from
the two floor points due to the large difference in the vertical and horizontal angle of the line of sight
from the two floor points to these nails and the relatively steep slope of the arch surface near the footings.
The arch surface near the footing is much more nearly perpendicular to the line of sight from the far floor
point than to the line of sight from the near floor point. Therefore it is quite possible that the actual point
on the baseline nail (Nail #1 in Figure 2.6) which is sited from the closer floor point is not the same as
that sited from the further floor point even if the pointer location is kept constant. It is easiest to
visualize that the siting from the closer floor point (Point B in Figure 2.6) would tend to be below the
siting from the further floor point (Point A) since the line of site from the closer floor point is steeper
(in the downward direction) and the nail head is sloped in the same general direction of the line of sight
due to the curvature of the arch. This possibility is shown in Figure 2.6. The view of the midspan nail
(Nail #6) is practically the same from each floor point since the floor points are placed symmetrically
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about midspan. Therefore it is probable that the vertical siting from both floor points would tend to be
on nearly the same point on the midspan nail head. Finally, at the nail opposite the baseline nail (Nail
#11), the difference in siting from the two floor points would tend be exactly opposite that stated above
for the baseline nail since, for this situation, the locations of the floor points relative to the nail of interest
are reversed. This is shown in Figure 2.6 where the siting from the closer floor point (Point A) is below
the siting from the further floor point (Point B). Remembering that the "height" of each nail is actually
the height relative to the baseline nail, it can be seen in Figure 2.6 that the hypothesized difference in
siting can lead to a difference in the measured height from the two floor points equal to —Ay for the
midspan nail and equal to twice — Ay for the nail at the footing opposite the baseline nail. This matches
the apparent linear drift in the difference in measured height from the two floor points across the arch
span in Figure 2.5. A negative height didference in Figure 2.5 corresponds to a relative height measured
from Floor Point B greater than that measured from Floor Point A in Figure 2.3. As Figure 2.5 shows,
a trend opposite that shown in Figure 2.3 is also possible, although it only occurred once during a survey
by a professional surveyor. Figure 2.5 also indicates that some of the early surveys apparently include
a significant amount of random error.

The systematic error described above can be cancelled out by simply calculating the heights of
all nails above a line across the arch span from Nail #1 to Nail #11, as shown in Figure 2.6, rather than
relative to the height of Nail #1. This causes the heights of both Nail #1 and Nail #11 to be zero and
therefore no rigid body rotation of the arch section can be measured. Figure 2.7 shows the difference
in measured heights (relative to the base line between Nail #1 and Nail #11) for Arch B for all surveys.
The heights of all nails for all surveys at the other two instrumented cross sections have also been
calculated relative to a line between the nails nearest the footings. The systematic error is no longer
apparent and the average difference in measured heights to each nail from the two floor points is
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significantly reduced. The effect of using a professional surveyor (after December 1988) is also apparent.
For all surveys after December 1988 the average measured height difference is approximately 0.02
inches. Prior to December 1988 the average measured height difference is approximately twice this
value.

The discussion above has been focused towards understanding some of the cause for the apparent
lack of accuracy in the measured nail positions and eliminating as much error as possible. The
information in Figure 2.7 can also be used to help quantify the remaining error in the measured
deflections. As stated above, the same nail height, relative to the imaginary line from Nail #1 to Nail
#11, should be measured from each floor point. Therefore, it is thought that the difference in measured
heights from the two floor points shown in Figure 2.7 is indicative of some of the total error in the
vertical deflection monitoring system. Figure 2.7 shows that the difference in measured nail heights is
not constant. The height difference is less than 0.05 in. for almost all cases for surveys after December
1988. The height difference for the no fill condition is particularly important since deflections are
determined by subtracting each nail height at the time of interest from the nail height at the time of no
fill. As Figure 2.7 shows, the height difference is less than or equal to 0.1 in. at all the nail points
during the no fill condition survey (this survey is shown in Figure 2.7 with a solid line).

The assumed height of each nail for each survey is taken as the average of the two heights
measured from the two floor points. If it is assumed that the two heights of each nail measured from the
two floor points in some way straddle the actual value that would be measured if there was no unusual
siting difficulties, then the averaging results in an error which is at most equal to one-half the difference
between the two measured heights shown in Figure 2.7. Dividing the maximum differences in measured
heights from the floor points after December 1988 (0.5 in.) and prior to December 1988 (0.1 in.) by a
factor of two, the estimated maximum error is 0.025 in. in the measured nail heights after completion
of fill and it is 0.05 in. for the no fill measurements. These estimates include error from all sources to
the extent which the errors cause a differential in the measured vertical position of the nails at floor points
A and B.

The difference in measured heights in Figure 2.7 includes the effect of inaccuracy of the
theodolite and lack of surveying skill (as they affect vertical angle measurements only) since the nail
heights from each floor point are based on totally separate vertical angle measurements. It also includes
difficulties due to siting on the nail heads since this source of error should cause a different height to be
measured from each floor point. However, any inaccuracies which cause the same, or a similar, error
in the measured nail height at both floor points are not reflected in Figure 2.7. These types of
inaccuracies may include inaccuracy in the measured distance between the floor points (the base distance)
and inaccuracy in the measured horizontal angles. These two types of inaccuracy can be due to factors
such as the resolution of the measuring instrument, the surveying error, and in the case of the horizontal
angle measurements, error in horizontally siting on the nails. The horizontal angles and the distance
between floor points both affect the measured nail height determined with the triangulation calculations
as discussed in Chapter 1.
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Figure 2.8 shows a limited parameter study which displays the effect of error in the three types
of measurements made during the surveys (the distance between floor points, the vertical angle, and the
horizontal angle) on the calculated vertical and horizontal positions of a nail near the footing (nail #2),
a nail near the crown (nail #6), and a nail near the opposite footing (nail #11). The magnitude of the
hypothesized error in measured angles used in the parameter study is taken as 5 arc-seconds, which is
the smallest resolution of the theodolite. This is thought to be sufficient to account for error caused by
the limited resolution of the theodolite and surveying error caused by slightly moving the theodolite since
the surveyor can reasonably estimate the angle accurately to about 3 arc-seconds between the 5 arc-second
theodolite markings, and the remaining 2 arc-seconds should be enough to account for SUrveyors errors
since experienced surveyors were used. The hypothesized error in the measured base distance of 0.0025
ft. used for Figure 2.8 assumes that two distance measurements between floor points were made, each
accurate to at least 0.005 ft., and they bound the exact value. The fact that the measurements are
assumed to bound the exact value and that neither differs from the exact value by more than 0.005 ft.
implies that the average does not differ from the exact value by more than 0.0025 ft.. The assumption
that the measured values bound the exact value cannot be proven, it simply seems to be a realistic
assumption that helps quantify a probable maximum error.

Figure 2.8 shows the changes in measured vertical nail positions (relative to the line between
Nails #1 and #11) and change in measured horizontal nail position (relative to Nail #1) caused by the
hypothesized errors in measurement of the base line between floor points and angles from the two floor
points. The changes in nail vertical position (AZ) are shown separately from floor point A (AZ,) and
from floor point B (AZg). These values are shown at Nail #2 and Nail #6 for each given hypothesized
angle and distance measurement error. AX is also shown at Nail #11 for error in the measured base line
distance between floor points, since this error causes a progressively larger error in measured horizontal
nail position across the span. Error in nail height will be discussed first. The largest error in measured
nail height is equal to 0.012 in. at Nail #6 caused by the hypothesized 0.0025' error in the measured base
line distance between floor points. This error occurs in the nail height measured at both floor points (Z,
and Zg). The fact that similar error is caused in measurements from both floor points is significant
because it implies that the difference in measured nail heights shown in Figure 2.7 does not include error
caused by inaccuracies in the measured base line distance. Therefore, error due to inaccuracy in the
measured base line distance is in addition to errors implied by the difference in measured nail heights
shown in Figure 2.7.

The hypothesized 5 arc-second errors in the horizontal and vertical measured angles cause
significantly less error in the vertical nail positions than the hypothesized error in measured base distance.
Also inaccuracy in measured angles tends to cause dissimilar error in the measured nail heights. This
is important because it implies that the difference between measured nail heights from the two floor points
shown in Figure 2.7 is affected by inaccuracies in measured angles. Since the information in Figure 2.7
will be used to help determine the total error in the measured vertical deflections, the intent here is to
find sources of error, such as error in the measured base line distance, which are not accounted for in
Figure 2.7. It is probable that all the error in the nail height shown in Figure 2.8 for inaccuracies in
measured angles is accounted for in Figure 2.7 except the relatively small amount (AZ A - AZg). This
amount can be ignored.
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The emphasis up to this point has been on the measured nail heights. To get culvert vertical
deflections, the measured nail heights from both floor points at the time of interest are subtracted from
the average nail height measured when there was no fill over the culvert. Based on Figure 2.7, the
maximum estimated error in the average measured nail height is 0.025 in. at times of interest after
completion of fill and 0.05 in. at the no fill condition due to difficulties in sighting on the nail heads.
Assuming these errors can, as a worst case, be additive, a value of 0.075 in. will be used as a maximum
error in the measured vertical deflection due to inaccuracies in siting on the nails. As discussed above,
additional error can be introduced into the calculated nail heights due to an inaccurate measurement of
the base distance between floor points and this error was estimated to be 0.012 in. As a worst case, error
in measured base distance can occur during both the no fill condition survey and any subsequent survey
so that the effect of this type of error on the calculated deflections is additive and equal to 0.024 in.
Adding 0.075 in. and 0.024 in., the maximum error in the vertical deflections can be taken as 0.1 in.
This is an extreme combination of worst case possibilities so that is it more reasonable to estimate the
worst case error in measured vertical deflection as some lower value such as 0.07 in. This estimated
error in measured culvert deflections is similar to that reported by other researchers.36

The error in the measured nail horizontal position is inherently greater than that in the measured
vertical positions because there is less averaging of separate measurements. First, the horizontal position
of nails is not measured separately from each floor point as is the case for nail height. The measurements
from both floor points must be used together to determine the nail horizontal position. Second, the
horizontal nail positions must be determined relative to one nail near one of the footings (Nail #1) rather
than relative to a line extending between the nails near each footing as is the case for the nail height
measurements. This lack of averaging increases the amount of random error included in the
measurement. It is assumed that error is introduced into the horizontal nail position measurements by
the same phenomena discussed above which affect the vertical nail positions. Error in the parameter
study in Figure 2.8 shows that approximately equal errors occur in both the horizontal and vertical nail
positions due to a given error in vertical angle measurement (for example, compare AX = 0.003 in. to
AZ, = 0.004 in. at nail #6 for a 5 arc-second error in the vertical angle measurement). Therefore, it
is probable that the errors in the horizontal and vertical nail positions caused by inaccuracies in siting on
the nail heads are very similar. Figure 2.5 shows this error for the case of nail heights determined
relative to a single nail position. This error is approximately twice that in Figure 2.7. Therefore, after
fill is complete the maximum estimated error due to inaccuracies in siting on the nail head in the
horizontal nail position (relative to Nail #1) is 0.1 in. (twice the 0.05 in. value used for nail heights based
on Figure 2.4) and, for the case of no fill, it is 0.2 in. The error in measured horizontal position is also
dependent on the accuracy of the baseline distance between floor points as shown in Figure 2.8. For the
previously assumed worst case error of 0.0025 ft. in the base distance measurement, the maximum error
in the horizontal position of Nail #11 is 0.06 in. Assuming that these two types of error can add
together, the total maximum error in a nail horizontal position measurement made after fill was complete
is 0.16 in. and, for the no fill condition, it is 0.26 in. The horizontal deflections are the difference
between measured horizontal positions at the time of interest and at the no fill condition and therefore
the error in each of these two horizontal measurements at can be additive. Assuming a worst case full
addition of these errors, the maximum error in measured horizontal deflection of the spread between
culvert footings is approximately 0.4 in. A more realistic estimate of the maximum error would not
assume all these errors adding together. Therefore, a more realistic maximum error in the measured
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horizontal deflection of the nails furthest from Nail #1 is approximately 0.3 in. The validity of this large
estimated error is consistent with the fact that many of the measured horizontal deflections, which are
presented in Chapter 3, cannot be explained in terms of normal structural behavior.

The estimated maximum errors in the deflection monitoring system are obviously very dependent
on the assumptions that were made. Different assumption would result in different estimated maximum
error. The analytical modeling of the culvert discussed in the next chapters will be used to judge if the
measured deflections are consistent with the measured strains and soil pressures and this will add some
additional criteria for judging the accuracy of the deflection monitoring system. The inherent problem
with determining the error in the measured deflections is that a more accurate method is not available to
explicitly judge the accuracy of the deflection monitoring system.




CHAPTER 3

MEASURED CULVERT RESPONSE

In this section the soil pressures, culvert strains, and culvert deflections measured at the three
instrumented cross sections shown in Figure 3.1 are presented and discussed. Culvert strains and soil
pressures were read five times during the 1.5 months it took to place the fill around the culvert. The
three instrumented arch sections were surveyed three times during this period. During the 2.5 year
period the culvert was monitored after fill was complete, arch strains and soil pressure were read eleven
times and the instrumented arch sections were surveyed eight times. Strains and soil pressures were read
each time surveys were conducted. An effort was made to monitor culvert response at least once each
season of the year. The discussion of the measured culvert response is separated into two main sections:
1) the response during placement of fill; and 2) the response after fill was completed.

3.1 Measured Culvert Response During the Placement of Fill

In this section, each of the parameters measured during placement of fill: soil pressure, arch and
floor strain, and deflection, are presented and discussed. They are discussed in this order since, in large
part, it seems that the culvert responds to the applied soil pressures and the soil pressures are not, in turn,
significantly affected by the culvert response.
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Figure 3.1 Increase in measured soil pressure on culvert with fill depth.
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3.1.1 Measured Soil Pressures on the Culvert During Placement of Fill. Figure 3.1 shows the
measured soil pressures on the culvert during placement of fill. The fill depth is shown relative to the
top surface of the crown of the culvert so that a negative fill depth of -10.5 ft. corresponds to the base
of the culvert. The gages near the springline of Arch A are located 7 ft. below the crown (at -7.0 ft.)
and all other gages are located near the crown (at 0.0 ft.). A small amount of pressure was measured
on the crown at fill heights less than the crown height because some loose soil was mounded over the
culvert prior to placement of fill over the crown. The pressures are measured at three "sets" of two
pressure gages which are located at the crowns of Arches A and C and at the springline of Arch A as
indicated in Figure 3.1. As Figure 1.1 shows, each set of gages are placed symmetrically with respect
to the culvert axis of symmetry. The two dotted lines in Figure 3.1 show the theoretical free field
relationships between normal pressure and fill depth on the gages near the crown and springline of the
culvert under drained soil conditions. The theoretical pressures are based on the measured soil unit
weight of 128 pcf. The theoretical free field pressure on the crown is simply the overburden pressure
at the crown depth. The estimated theoretical free field normal pressure on the gages near the springline
is 70% of the overburden pressure at the gage depth as explained below.

The theoretical free field normal pressure on the gages near the culvert springline is estimated
as 70% of the overburden pressure based on the fact these gages, which are tangent to the culvert profile,
are oriented at 45° from the horizontal. These gages are shown in Figure 1.1 as the soil pressure gages
"S1"! Based on the Mohr circle of stress, at 45° from the horizontal, which is the assumed axis of the
minor principle stress, the normal soil stress is equal to the average of the major and minor principle
stresses. These stresses are assumed to be those on the vertical and horizontal planes in the soil
respectively. The free field vertical stress is assumed equal to the overburden pressure. The horizontal
free field pressure (ph) in a drained clay backfill is approximated using Equation 3.1 from Reference 29.

ph =0.95 [sin(¢)] pv 3.1
where ph =  soil horizontal free field stress,
10) =  drained angle of {riction in clay soil, and
pv =  soil vertical free field stress.

A typical drained angle of friction for silty clays is 30° based on testing reported by Duncan, et al.®
Based on Equation 3.1 and a 30° angle of friction, a horizontal free field pressure equal to 45% of the

overburden pressure would be expected for a drained silty clay. The average of the horizontal and
vertical pressures is 70% of the overburden pressure, which is the theoretical free field normal pressure
on a pressure cell oriented at 45° after pore pressures have dissipated. It is difficult to predict the
expected pressures prior to the dissipation of pore pressures induced by compaction except to say they
would be higher than the drained free field pressures.

Figure 3.1 shows that the measured soil pressure on Arch A generally increases linearly with fill
depth at about the same slope as the theoretical curves. However, a more exact characterization of the
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pressure increase is that it increases with depth in three "stages" marked by the three slopes in the data
in Figure 1.1. Initially, at fill depths near the crown height, the pressure increases with depth at a rate
considerably greater than the average rate. This is probably due to the combined effect of compaction
induced pore water pressures and soil overburden pressure. At a fill height of 4 ft. over the arch crown,
the first change in slope occurs. This second "stage" has the minimum rate of pressure increase with fill
depth. The lower rate in the increase in vertical soil pressure with fill depth is probably due to the
dissipation of compaction induced pore pressures. The dissipation of these pressures causes some
pressure loss to occur simultaneously with the pressure increase caused by additional soil overburden.
Therefore, the net rate, or slope, of increase in pressure with fill depth is less than the rate of increase
in the overburden pressure with fill depth without simultaneous dissipation of pore pressures. This affects
both gages near the springline and near the crown of Arch A. The gages near the springline are also
affected by the soil horizontal stress. According to several theories on the effects of soil compaction, the
effect of compaction on horizontal soil stress (or any type of overconsolidation) is to "lock-in" horizontal
stresses equal to approximately 40% or 50% (for an angle of friction of 30°) of the elevated, compaction-
induced, vertical pressure.3! A high percentage (40% to 90%) of the horizontal stress that develops
during compaction remains as a residual stress. Significant increase in the horizontal soil stress does not
occur until the overburden pressure increases to a value greater than the compaction pressures which
initially caused the locked-in horizontal stress. Therefore, the horizontal soil pressure does not increase
with fill depth until the increased overburden pressure equals the original compaction pressures. The
measured soil pressures at the springline gages increases slowly with fill height during the "second stage”
of pressure increase with fill depth in Figure 3.1 due to both the dissipation of pore pressures against the
gages and due to the fact that the soil horizontal stress is increasing very slowly (if at all) with increased
fill depth.

At a height of approximately 10 ft. over the crown, the final stage of soil pressure increase with
fill depth in Figure 3.1 occurs. At fill heights greater than 10 fi., the measured pressures increase with
fill depth at a rate approximately equal to that of the theoretical curves. Therefore, the compaction
induced pore pressures have apparently dissipated near the culvert by the time the fill height is 10 ft. over
the culvert and the overburden pressure on the culvert is greater than the original compaction pressures.
Figure 3.1 shows that, at the final fill height, the measured pressures on the crown and springline of Arch
A are approximately equal to the free field pressures in a normally consolidated soil.

Figure 3.1 also shows the measured pressures on the crown of Arch C (under the low fill). Two
measured pressures are shown at 8.5 ft. of fill over the crown depth for each gage. The fill over Arch
C was difficult to estimate since this location was near a slope that was not really finalized until the end
of the construction project. Therefore, the final two pressure measurements that were taken during

construction are both shown as occurring at a fill depth of 8.5 ft. The effective fill depth was probably
less than 8.5 ft. when the lower of the two measurements shown at this fill depth were taken. Figure 3.1
shows that the pressures on the crown of Arch C increase approximately linearly with fill depth, and that
the average of the two measured crown pressures is only about one-half the overburden pressure. This
cross section is located at the top edge of a 2:1 slope in the fill, as shown in Figure 1.1, and this fact may
be a cause of the low measured pressures. Lefebvre has shown in a three-dimensional finite element
elastic analysis of a homogeneous sloped surface (such as a dam) that the vertical stress under the top
edge of a 2:1 slope is approximately 25% less than the overburden pressure under the same fill height



34

with no slope.* Also, other researchers have measured lower pressures on culverts near the top edge
of a slope than near the middle, or toe, of the slope. Soil pressures reported by Davis and Bacher and
by Davis, et al. across the top surface of arch culverts under very deep sloping fills in California show
that pressures on the culvert under the top of the slope was approximately one-half the overburden
pressure while pressures on a cross section under the middle of the slope was approximately equal to the
overburden pressure:.33 Also, for the culvert in this study, there is a concrete abutment above the mouth
of the culvert (approximately 15 ft. in front of Arch C) which retains the toe of the soil slope in the
vicinity of the culvert. This may cause some additional concentration of vertical soil pressure near the
abutment and corresponding reduction in soil pressure at distances further from the abutment such as
Arch C. In summary, it seems that the unexpectedly small pressures measured on Arch C can be
explained, at least in part, by the presence of the top edge of a slope in the fill directly over this cross
section. Also, the effects of the slope and abutment on the soil pressure on Arch C may not be uniform
across the width of the culvert and may therefore be the cause of the relatively large discrepancy between
the two measured pressures on this cross section.

In summary, at fill heights greater than 10 ft. over the crown, the measured pressures near the
crown and near the springline on Arch A under the deep fill correlate reasonably well with predicted free
field soil pressures and with pressure measured by other researchers. At lower fill heights the measured
pressures on this arch are two to three times greater than the predicted free field pressures. This is most
probably due to the effects of compaction. The measured pressures on Arch C under the low fill are
approximately one- half the overburden pressure. The fact that Arch C is located under the top edge of
a slope in the fill makes the free field pressure at this location very difficult to estimate. However, a
computational study indicates that the free field pressure under the top edge of a slope is 25% less than
the overburden pressure. Therefore, the measured pressures on this cross section may be near free field
values. The measured pressures at this location are consistent with previously measured pressures under
the top edge of sloped fills, which were also equal to approximately one-half the overburden pressure.

3.1.2 Measured Strain in the Culvert During Placement of Fill. Figure 3.2 shows the measured
strain in Arches A and B (both under the high fill) during the placement of fill. The measured strains
can be divided into strains occurring at fill depths less than the crown height (negative fill depths in
Figure 3.2) and strains occurring at fill depths over the crown. During fill over the crown, all the
measured strains in Figure 3.2 increase approximately linearly with fill depth. However, the rate of
strain increase with fill depth is greatest at fill depths near the crown height, just as the rate of the
measured soil pressure increase with fill depth was greatest at low fill depths (see Figure 3.1). Plots of
arch strain vs. soil pressure on Arch A show that the strains increase nearly proportionally with soil

pressure at fill heights over the crown as would be expected. Also, the measured strains are largely the
same at similar locations in Arches A and B as would be expected since both cross sections are subjected
to the same overburden pressure. The strains measured at the two springline strain gages in Arch B and
the one springline gage in Arch A are almost identical at all fill heights. A relatively large difference
between the measured strains at the crowns of Arches A and B occurred while fill was placed on the
crown. However, the increase in the crown strains at the two cross sections as fill is placed between 4
ft. and 24 ft. above the crown and are almost equal. Similar crown strains were measured at fill heights
below the crown.
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Figure 3.2 Change in measured culvert strain with fill-depth under high fill

All three measured compressive strains near the culvert springline decrease significantly (by a
factor of 2) during fill placement below the crown height even though the normal pressure against the
culvert springline is increasing at this time. Normal pressure induces compression in the culvert. The
strain decrease must therefore be due to shear forces, which are not measured by the pressure cells, that
are applied upward along the inclined culvert surface by the soil and cause tension in the culvert below
the fill depth. As Figures 1.1 and 1.2 show, horizontal pressures near the springline have a normal
component against the culvert surface and an upward shear component along the culvert surface. Since
no compaction equipment was allowed within three feet of the culvert, it is very plausible that horizontal
pressures caused compaction of soil three feet and more from the culvert, and are the major soil pressure
applied to the culvert at low fill depths. Compaction forces applied to the soil near the culvert cause
lateral pressures, equal to 45% to 100% of the compaction pressure depending on the degree of soil
saturation, which push the soil adjacent to the culvert against the culvert. The measured strains indicate
that the inclined shear component of the horizontal pressures, which causes tensile force near the strain
gages, affects the thrust near the gages more than the normal component of the horizontal pressure, which

causes compression in the culvert cross section.

Figure 3.2 shows that the strains at the crown, which are tensile under self-weight (at -10.5 ft.
in the figure), become more compressive during fill placement below the crown depth. This occurs
because the same inclined shear forces discussed above cause compression in the culvert above the fill
depth. The initial tensile strains prior to fill placement indicates that there is some cracking near the
crown under self-weight loading since, in an uncracked section, the bending moment would not affect
the mid-thickness strain and the thrust would cause compression. At a fill height just above the crown
height, a significant difference between the strain measured at the crown of Arches A and B occurs. The
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cause for this difference is not known. Possibly compaction near the top of Arch B caused significant
horizontal soil movement near the top surface of the culvert which induced local compression forces in
the culvert near the gage location. This possible cause is consistent with the fact that the measured strains
at these locations move together at all fill depths except in this one case. In any case, a difference in the
strains at the crown of Arches A and B equal to 50 x 10° in./in. occurs at a fill height just above the
crown and remains constant as both strains increase with the fill height. As Figure 3.6 shows (this will
be presented later), this difference eventually disappears and the crown strains measured in Arches A and
B at the end of the monitoring period are equal. As discussed above, residual horizontal stresses from
compaction loads do not tend to dissipate, but the experimental measurements were most probably not
continued over a two year period.

Figure 3.3 shows the measured strain vs. fill depth relationship for Arch C under the low fill.
The strain in the gage near the springline decreases, and then increases with depth in the same manner
as the springline strain measured in Arches A and B. The strains for dead load only near the springline
are nearly equal for all gages at all three arches. The measured springline strain in Arch C decreases to
a slightly lower value than those in Arches A and B at fill depths below the crown and then increases
linearly with fill height at fill heights above the crown. The rate of increase is one-third to one-half the
rate the increase in strains in Arches A and B with fill depth. This is consistent with Figure 3.1 which
shows that, at a given fill depth, the measured soil pressures at the crown of Arch C increase
approximately one-third as fast with fill depth as those measured near the crown of Arch A.

The measured strain in the crown of Arch C is the "oddball" of the measured strains. Evidently,
based on the large tensile strain measured at this location under self-weight load only (the measured strain
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Figure 3.3 Change in measured strain in culvert with fill-depth under low fill
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at -10.5 ft. in Figure 3.3), cracking occurred through the mid-thickness of this instrumented arch section
during placement, or very soon after placement. As discussed above, cracking also occurred under self-
weight loading near the crown at Arches A and B but the measured strains indicate that the cracking is
much more severe at Arch C. Two possible causes for the more severe cracking in Arch C are dynamic
stresses occurring during the placement of this precast section, and lateral slip along the supports prior
to placement of grout in the recesses in the footing around the arch base (see Figure 1.2). Prior to
placement of the grout, the boundary conditions at the supports were somewhere between simply
supported (no friction between the footing and base of the arch) and fully pinned (sufficient friction
between the footing and the edge chamfer of the arch to prevent any lateral movement). The arch
bending moment at the crown is very sensitive to the lateral movement of the supports and, for self-
weight only, it is very near the yield moment if there is no lateral restraint. For the case where the base
is grouted into the footing and lateral restraint is supplied, the moment near the crown is only a relatively
small fraction of the yield moment. The fact that no large tensile strains were measured in the crown of
Arches A and B is probably due to the fact that these sections were not loaded dynamically during field
placement or because there was some unusual condition, such as a grease spill, which prevented friction
between the footing surface and Arch C prior to placement of the grout.

During placement of fill the measured crown strain in Arch C remains essentially constant. The
largest change in measured strain is 10% of the initial strain due to self-weight only. Evidently the
applied soil load over the culvert crown causes compressive thrust and bending moments at the crown
which result in offsetting amounts of compressive and tensile strain at mid-thickness. The strain history
measured at the crown of Arch C is entirely different from those measured elsewhere throughout the
monitoring period. This is not unexpected since the large crack depths that occurred prior to fill
placement in Arch C, and which do not occur elsewhere, affect the strain in the culvert caused by applied
loads.

Figure 3.4 shows the measured strains in the structural concrete floor slab under Arches A and
B in the high fill region. Vertical dead load on the culvert, and the culvert self-weight, tend to spread
the arch footings outward and put the floor slab in tension. As Figure 3.4 shows, the strain is almost
unaffected by soil fill below the crown and, at most of the gages, the strain increases more or less linearly
with fill depth over the crown. It is not known why the horizontal pressures applied to the culvert during
fill below the crown depth do not cause measured compression in the floor slab. It may be that
phenomena such as tensile creep is also occurring which cancels out the load induced compressive strains,
which could be relatively small. Noticeable changes in slope occur as the floor tensile strain increases
with fill depth which are similar to the slope changes in the measured soil pressure vs. fill depth and
culvert strain vs. fill depth relationships for Arches A and B (see Figures 3.1, 3.2). This is expected
since the soil pressure applied to the culvert causes the strain in the culvert and floor slab. The changes
in slope in the strain vs. fill depth relationships are not quite as pronounced as they are in the soil
pressure vs. fill depth relationship. This fact, and the increase in measures strains after completion of
fill, indicate that very significant creep strains occur in the culvert.

Figure 3.4 also shows that there is a very significant variation between the strains measured at
symmetrical locations under Arches A and B during placement of fill. As Figure 1.1 shows, all the floor
gages were placed at symmetrical locations with respect to the culvert and soil fill geometry, and



38

-1E-04

GAGES

-0.0002+ UNDER ARCH A

EAST FOOTING
-0.0003

-0.0004-

-0.0005- GAGES UNDER ARCH B/

TENSILE STRAIN

WEST FOOTING

-0.0006-

' 0.0007 . . = , . : ,
15 10 -5 0 5 10 15 20 25
FILL HEIGHT ABOVE CROWN -

Figure 3.4 Change in measured strain in floor slab with fill-depth under high fill

therefore similar strain measurements were expected. At fill depths less than the maximum fill depth,
the two floor strains measured along the west footing are nearly twice as large as the strains measured
near the east footing. Therefore the strain distribution in the floors was not uniform across the span but
the total spread between the footings under Arch B was probably approximately equal to that under Arch
A. Near the maximum fill depth, the opposite trend occurs. The strain becomes more uniform across
the span of each arch, but the measured strains indicate that the total lateral spread between the footings
under Arch B increases to an amount twice as large as that under Arch A. Since the floor slab is simply
a tension element between the two footings, the strain is theoretically uniform throughout the floor. The
measured floor strains under Arch B remained twice as high as those measured under Arch A for the
duration of the monitoring period. Also, the strains measured under both arches at the completion of fill
are very much greater than the theoretical cracking strain, assuming the measured strains consist only of
elastic strain, but no cracking was observed.

Factors which may be causing the differences in measured strains at the symmetrical floor gage
locations include shear stresses applied across the bottom surface of the floor slab by the foundation and
local tensile strains near the gages caused by the transfer of tension from lap spliced reinforcing steel.
Figure 3.5 shows a detail of the strain gage placement in the floor slabs and the surrounding reinforcing
steel and foundation. Since the concrete fill, which may act compositely with the floor slab, can influence
the measured strains at low strain levels, it will be discussed first. The concrete fill will act compositely
with the floor slab if there is sufficient normal force and surface roughness to transfer shear stress. This
would increase the effective concrete area resisting force in the vicinity of the strain gages, and could
easily reduce strain in this local region by a factor of 2 or more. This scenario requires that the dowels
transfer some of the dead load reaction from the footings into the floor slab to provide the necessary
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Figure 3.5 Typical section through culvert footing in high fill region.

normal force on the interface. As Figure 3.5 shows, the strain gages are located right at the edge of the
limits of the fill. Based on typical construction practices, the limits of fill could easily extend past the
gage length on one side of the culvert (the east side) and not extend past the gage length on the other
side. Therefore, differing limits for the concrete fill could cause the difference in the floor strain
measured at each side of the culvert in Figure 3.4 at the lower strain levels. The disappearance of this
east side-west side difference could be due to slip at the interface between the floor and the fill due to
larger tensile forces applied to the floor at the larger fill depths.

Between fill depths of 12 ft. and 24 ft., the floor strains under Arch A increase at the same rate
as at lower fill heights but the floor strains under Arch B suddenly increase very sharply near both
footings. This type of sharp increase in strain during application of loads is typically an indication of a
tensile crack that propagates up into the gage length. The measured strains are certainly large enough
to justify cracking. However, as mentioned previously, cracking on the top surface was not observed.
Photographs of embedded reinforcing steel subjected to tension show that small internal cracks form at

the lugs in the reinforcing steel and radiate out a small distance into the surrounding concrete 34

Therefore, the cracks do not necessarily radiate out to the concrete surface except near failure load of the
splice. The extent of such cracking would be expected to increase with the tensile load and thus with the
fill height. Therefore, it is possible that, in the floor under Arch B, one of these cracks propagated into
the gage length while no such crack propagation occurred near the gages in the floor under Arch A. It
is known that cracking typically initiates in a spliced section near the bar cutoff points, which is why the
gages are located at this location, as shown in Figure 3.5. The sharp increase in strain in the floor slab
under Arch B corresponds with the formation of a 0.003 in. wide crack within the 6 in. gage length, and
internal cracks this wide have been measured by researchers.? These cracks were not observed on the
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surface of the concrete specimen but were consistent with the rebar strain measurements made by the
researchers. The increase in strain also corresponds to the formation of several cracks with widths less
than 0.003 in. within the gage length. It is odd that such cracking would suddenly occur at both gages
under Arch B while not, apparently, occurring at either gage under Arch A. Another possible cause for
the sudden increase in measured tensile strain under Arch B is that, at some higher fill depth, slip
occurred between the floor slab under Arch B and the foundation causing the portion of the tensile force
which had formerly been transferred into the foundation to be suddenly absorbed in full by the floor slab.
The only problem with this second hypothesis is that, as analysis in the succeeding sections shows, the
very large tensile strains cannot be justified in terms of the applied tensile force and creep strains alone,
even if the floor is assumed to resist all the tensile load. An explanation of the very high strain under
Arch B seems to require the formation of a tensile crack within the gage length. Most of the
hypothesized causes for the difference in measured strains imply that the measured floor strains are to
some extent local. Therefore, care must be exercised when using the measured floor strains to calculate
the lateral spread of the culvert footings. Only strains which represent an average of the floor slab strain
across its 40 ft. will give a good estimate of the lateral spread between footings.

As a point of interest, the design shown in Figure 3.5 is not fully in conformance with the ACI
318 Building Code for Reinforced Concrete which calls for staggered mechanical splices or welds, rather
than the non-staggered lap splices, in reinforced concrete tension tie members (Section 12.15.5 in ACI
318-89). It is not generally good practice to count on the concrete to transfer tension load between lapped
bars when there is minimum cover and when the large tension forces which must be transferred across
the lapped bars can easily crack the concrete through its thickness. In this case, the fact that the culvert
was indeterminate, since the surrounding soil could be counted on to provide lateral resistance, may have
been taken into consideration by the designers.

It is hypothesized that through-thickness cracking did not occur in the floor slab because the
gradually applied loads and the young age of the concrete in the slab allowed creep strains to relieve
much of the tension stress (as opposed to strain) in the floor slab. The fact that the measured strains were
much larger than the usual assumed cracking strain of concrete (-1.0 x 10 to -2.0 x 10™* in./in. of elastic
strain), and yet no surface cracking was observed, indicates that the measured strain includes inelastic
strains such as creep strain. Creep strains magnify the elastic concrete strains without causing stress in
an unrestrained, unreinforced member. This helps explain the very large measured strains. The tensile
creep strains cause secondary compressive stresses to occur in the reinforced floor slab because the creep
strains put the steel reinforcement, which does not creep, under additional tensile stress which must be
equilibrated within the cross section by an equal compressive force (secondary compressive stresses).
This is analogous (though in an opposite sense) to the fact that compressive shrinkage strains cause tensile
concrete stresses in an axially reinforced member. Since the net stress includes both the secondary
compressive stresses and the primary tensile stresses from applied loads, this may explain why no surface,
through-thickness cracking is observed when consideration of the primary tensile stresses themselves
would indicate cracking. Also the footings restrain the tensile creep of the floor slab and this causes
additional secondary compressive stress in the floor slab. Creep strains often reduce the high stresses
which would theoretically result from gradually applied loads, such as gradual support deformations, in
concrete structures. The effects of creep are investigated analytically in the following chapters.
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Actually, the cracking strain of concrete is approximately five times larger than the strain
corresponding to peak tensile stress given above as the usual assumed cracking strain. Usually, in lightly
reinforced members, cracking occurs as soon as the concrete is strained above the peak tensile stress
because the reinforcing steel must suddenly strain by a relatively large amount to pick up the stress
"shed" by the concrete as it strains into the descending, post-ultimate region of its stress-strain curve.
It is usually assumed that this dynamic process causes cracking. An analysis which considered the post-
ultimate range of the concrete tensile stress-strain curve has shown that tensile stress can be gradually
transferred into the reinforcing steel of heavily reinforced tensile members (a steel ratio greater than 6 %)
and therefore cracking should not occur in these members until the strain reaches 1.0 x 1073 in./in.36 1t
may be possible that, in an indeterminate member such as the culvert, the surrounding soil can
temporarily resist some of the tensile load at the time the concrete is straining through its peak tensile
stress and prevent the cracking which would otherwise occur at this strain.

3.1.3 Measured Culvert Deflections During Placement of Fill. Figures 3.6 and 3.7 show the
deflections in Arches A and B measured at fill heights of 4 ft. over the crown and at the completion of
fill (24 ft. fill over the crown). No deflections are shown for Arch C during fill placement because of
unusually large apparent errors in the surveying measurements. As explained in Chapter 2, the measured
vertical deflections are based on nail heights measured relative to a line extending across the arch span
connecting the two nails at the two arch footings. Therefore, the height of the two nails at the arch
footings is always zero and any rigid body displacement or rotation of the culvert is not measured.
However, such movement is expected to be small because of the 9 ft. deep cement stabilized foundation
over hard shale placed beneath the culvert. As discussed above, the estimated maximum error in the
measured vertical deflections is 0.07 in. The measured vertical deflections of Arches A and B at the
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Figure 3.6 Arch A deflections during placement of fill
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Figure 3.7  Arch B deflections during placement of fill

completion of fill are nearly the same. However, at a fill height of 4 ft. over the crown, the measured
deflection of Arch B is only one-half that of Arch A.

The horizontal positions of nails were measured relative to the nail at the left footing (at position
0.0 ft. along the arch span). Therefore all horizontal deflections are zero at this footing and a maximum
at the opposite footing. As discussed above, the error in measured horizontal deflections is estimated to
be as much as 0.3 in. The measured horizontal deflections of Arches A and B in Figures 3.6 and 3.7
are very difficult to explain except as error in the surveying measurements. It is hard to understand how
these two similar culvert sections would displace horizontally at their bases during construction in
opposite directions as the surveying measurements show.

If the measured strains in the floor are assumed to be representative of the average strain in the
floor, these strains can be used to calculate the spread between culvert footings based on the 40 ft. span
of the floor slab. Although this assumption may not be valid, as discussed above, the average floor
strains under each cross section indicate that the footings of both Arches A and B had spread outward
0.07 in. when the fill was 4 ft. over the crown. At the completion of fill the measured floor strains
indicate that the footings at Arch B had spread outward a total of 0.31 in. and the footings at Arch A had
spread a total of 0.14 in. If the hypothesis that the measured floor strain under Arch B is affected by a
crack within the gage length, and therefore is not representative of the otherwise uncracked floor slab
strain, the total spread between footings estimated from the floor strains under Arch A of 0.14 in. is the
best available estimate.

3.1.4 Summary of Measured Culvert Response During Placement of Fill. The measured
culvert response during fill placement is characterized by a more or less linear increase in the measured
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response parameters with increasing fill depth over the culvert crown. There is also a secondary trend
within this generally linear relationship in which the rate of increase in soil pressures and strains increases
fastest with fill depth at low fill depths near the culvert, and increases slowest with fill depth at fill depths
5 ft. to 10 ft. above the culvert. The average rate of increase in pressures and strains occurs at large fill
depths greater than 10 ft. This trend is probably due to local compaction induced stresses adding to soil
pressure on the pressure gages at fill depths near the crown height and dissipating later, so as to partially
offset overburden pressures caused by later increases in fill depth. The measured soil pressures on Arch
A, under the high fill, correspond well with predicted free field pressures at the completion of fill. The
measured soil pressures on Arch C, under the low fill, are significantly lower (about 50% lower) than
predicted free field pressures. However, this arch is located at the top edge of a slope in the overlying
embankment and, according to the results of computational studies, the presence of the embankment can
reduce free field pressures under the top of the embankment by approximately 25%. Measured culvert
strains increased nearly proportionally with measured pressures at fill heights above the crown depth.
The measured strains in the floor of the culvert, which acts as a tension tie member between culvert
footings in the high fill region, are not uniform across the floor width throughout fill placement. Also,
although the measured tensile strains in the floor are much larger than the concrete cracking strain, no
cracks were observed. These facts indicate that nonuniform shear stresses existed between the floor slab
and the underlying foundation during fill placement and that large creep strains occurred in the floor slab
during the 1.5 month construction period. Hairline cracks were observed on the inside face of the crown
of the culvert. At the completion of fill, nearly equal deflections were measured in the two instrumented
sections under the high fill.

Some of the measured parameters during fill placement correlate well with other measured culvert
response parameters and some do not. During placement of fill between 4 ft. over the crown and 24 ft.
over the crown (complete fill), the midspan deflections in Arch A increase by the same ratio (equal to
3) as the soil pressures, culvert strains, and floor strains in this cross section. This is expected since
deflection, load, and strain should be proportional to strain. However, in Arch B, the floor strains
increase by a substantially larger ratio than the culvert strains during this same time period. The
measured response at similar locations in Arches A and B can also be compared with each other since
both cross sections are placed under the same fill and fill height. As mentioned above, Figures 3.6 and
3.7 show that the deflections of Arches A and B are nearly equal at the completion of fill as are the
springline strains for these two arches shown in Figure 3.2. However, Figure 3.4 shows a relatively
large difference in measured floor strains under Arches A and B at the completion of fill, and Figure 3.2
shows a relatively large difference in measured crown strains. The midspan deflection is the most general
indicator of the monitored culvert response parameters since it is affected by the strain and soil pressure
at-all points on the culvert cross section while the strain gages and pressure gages are only affected by
strain and pressure at discrete points. Since the deflections of the two arches are equal, it is quite
possible that the large measured differences in crown and floor strain are due to local effects, as
hypothesized above, rather than basic differences in the manner in which the two arches are loaded or
are responding. Also, the differences between the crown and floor strains measured in Arches A and B
do not make sense when considered together unless they are caused by local phenomena. If the footings
spread more in Arch B than in Arch A, as is implied by the larger measured floor strains under Arch B
at the completion of fill, this would be expected to cause more bending moment, and thus more tensile
strain, at the crown of Arch B relative to that in Arch A. However, as Figure 3.2 shows, the strain at
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the crown of Arch B is more compressive than that measured at Arch A. In Chapters 4 and 5, which
present and discuss the computational analyses of the culvert-soil system, this matter will be discussed
further.

3.2 Measured Culvert Response After Placement of Fill

In this section the soil pressures, culvert strains, and culvert deflection measured after the
placement of fill was completed are presented and discussed. The response of the instrumented culvert
sections was monitored for a period of 30 months after the completion of fill. Although relatively minor
changes in soil pressure on the culvert were measured after the completion of fill, substantial culvert
structural response (strains and deflections) was measured during this period. The culvert structural
response measured after completion of fill was probably due, in large part, to the effects of concrete
creep.

3.2.1 Measured Soil Pressure on the Culvert After Placement of Fill. Figure 3.8 shows soil
pressures measured on the culvert at Arch A (under 24 ft. of fill) and Arch C (under 8.5 ft. of fill) for
30 months following completion of fill over the culvert. The measured changes in the soil pressure are
a small percentage of the total soil pressure. On the average over the 30 month period, the measured
pressure on Arch A is approximately 10% greater than that at the end of construction. The peak increase
is 20% greater. On the average over the same period, the measured pressure on Arch C is approximately
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Figure 3.8 Measured soil pressures on culvert after completion of fill.
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10% to 20% less than that measured at the end of construction. The peak increase over the pressure at
the end of construction on Arch C is 10%.

All the measured soil pressures in Figure 3.8 increase and decrease together in a seasonal pattern.
The seasonal fluctuations follow a 12 month pattern beginning with a pressure rise during the summer
immediately after fill was completed (time O is May 1988) followed by a low pressure 7 months after
completion of fill (in December 1988), and continue in this pattern the next calendar year with higher
pressures again during the spring and summer and a low pressure the following November (18 months
following completion of fill). The last year, from 18 months to 30 months, follows the same trend. The
peak soil pressures during each calendar year always occur during the summer and the low soil pressures
occur during the winter. The seasonal fluctuations in the measured pressure against Arch A, which
average between 2 and 3 psi, are significantly larger than the 0.5 psi maximum error in the pressure gage
readings which was estimated in Chapter 2. Therefore, this trend is not due to error in the gage reading.

The probable cause for the seasonal fluctuations in soil pressure is warmer summer temperatures,
which cause the culvert to expand into the surrounding soil, followed by cooler winter temperatures,
which cause it to contract. In the summer, the culvert expansion is restrained by the stiffness and dead
weight of the surrounding soil and, therefore, causes an increase in pressure at the soil-structure interface.
In the winter, the culvert contracts and this pressure does not occur. The fact that more seasonal
fluctuation occurs in the measured pressures at Arches A and B, under the fill, than at Arch C, under the
low fill, is also consistent with this theory. The larger fill depth, and thus larger shear area and dead
weight, over Arches A and B causes the overlying soil to exert more resistance against the culvert
expansion which causes more interface pressure. At Arch C, the culvert is relatively free to expand and,
consequently, there is less interface pressure during temperature induced expansion of Arch C.

3.2.2 Measured Strain in the Culvert After Placement of Fill. Figure 3.9 shows the
mid-thickness strain at the crown and near the springline measured in Arches A and B under deep fill
during the 30 months after fill was completed. The measured strains show both a significant overall
increase in compressive strain with time, and fluctuations in strain about the overall increase which are
largely consistent with the measured fluctuations in soil pressure in Figure 3.8. The overall strain
increases at a steadily decreasing rate. Near the springlines of both arches, the overall strain increased
50% during the first seven months, 20% during the second year, and 12% during the final year.
Approximately the same percentage increases occur in the overall strain at the crown of Arches A and
B, except that during the last year a large strain increase occurs at the crown of Arch A. The overall
strain increased by approximately 100% at all gage locations on Figure 3.6 over the 30 month period
monitoring period except at the crown of Arch A where more than a threefold strain increase occurred.

As Figures 3.2 and 3.9 show, the measured strain at the crowns of Arches A and B track each
other very closely except during the placement of fill at the crown height and during the last year of the
monitoring period. During placement of fill at the crown height, the crown strain in Arch B increased
relative to that in Arch A by 5 x 107 in./in., while during the last year and a half of the monitoring
period the strain in Arch A gradually increased relative to that in Arch B by this same amount. It was
hypothesized above that the strain difference may have been caused by local compaction induced
horizontal stresses near the top surface of Arch A which exerted shear stresses along the top surface of
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Figure 3.9 Measured strains in culvert under high fill after completion of fill.

the culvert and thereby affected the crown strain in Arch A. Thus the unexpectedly large rise in the
crown strain in Arch A during the last year may be due to the dissipation of the local stresses along the
culvert surface due to soil creep or slip along the soil-culvert top surface as the culvert was expanding

and contracting.

The seasonal strain fluctuation is defined as the difference between a measured strain and that
strain which would have occurred if the strain simply increased smoothly throughout the monitoring
period. A seasonal fluctuation is illustrated on Figure 3.9. During the first year and last year, the
seasonal fluctuations are consistent with the fluctuations in the measured pressure. As mentioned in
Chapter 1, the strain gages are not designed to measure temperature strains and the measured strains
shown in this chapter do not include any temperature effects except strains due to the stresses caused by
restraint of free expansion and contraction of the culvert. A seasonal strain fluctuation pattern
characterized by increased compressive strains in the summer is consistent with a temperature induced

expansion of the culvert each summer that is restrained by the surrounding soil. Figure 3.9 shows this
is the predominant trend but, especially at the crown during the second year, the measured strain can also
fluctuate to a less compressive value during the summer. This lack of a totally consistent trend is
probably due to the fact that all the seasonal strain fluctuations are significantly less than 5 x 107 in./in. ,
which is the maximum estimated error in the strain measurements discussed in Chapter 2.

Figure 3.10 shows the measured strain in Arch C under the shallow fill (8.5 ft. of fill) during
the 30 month monitoring period after the completion of fill. The overall compressive strain measured



47

near the springline increased by the large percentage over the 30 month monitoring period, which is
consistent with the large measured strain increases in Arches A and B. However, almost all the increase
occurred during the second year, whereas the overall strain increase in Arches A and B was largest
during the first year and lower during the successive years. Only a slight overall compressive strain
increase occurred at the crown of Arch C. The yearly strain fluctuations at both gage locations in Arch
C are very similar to those in Arches A and B under high fill. The overall trend is that the strain
fluctuates to a higher compressive value during the summer, but there are also exceptions.
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Figure 3.10 Measured strains in culvert under low fill after completion of fill

Finally, Figure 3.11 shows the measured floor strains under Arches A and B in the high fill
region during the 30 month period after the completion of fill. Almost all of the trends noted above in
the culvert strains also can be seen in the floor strains. An average 100% overall strain increase occurs
over the 30 month monitoring period in the strains under each arch. The floor strains generally fluctuate

from a minimum amount of compression (or maximum tension) in the winter to a maximum amount of
compression (minimum tension) in the summer. This is consistent with a temperature induced expansion
of the floor slab during the summer, which is constrained by the footings and surrounding soil, and
therefore results in increased compressive strain. It is interesting that the seasonal strain fluctuations are
much larger in the floor slab under Arch B than at any other location. The measured tensile strains are
also very high compared to those in the floor under Arch A and it was hypothesized above that this may
be due to an internal crack within the gage lengths of the gages in the floor of Arch B (which are located
right at the cutoff point of the spliced rebar). The unusually large strain change in the floor of Arch B
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Figure 3.11 Measured strains in floor slab under culvert in high fill after completion of fill

during the summers may be due to the partial closing of these cracks under the seasonal compressive
forces.

The floor strains can be used to calculate the lateral spread between footings due to the applied
soil pressures as discussed previously. This is based on the assumption that the measured straing are
representative of the average strain in the floor slab. Based on the measured floor strains, the total lateral
spread of the footings (which are 40.33 ft. apart) at the end of the monitoring period is 0.3 in. at Arch
A and 0.6 in. at Arch B. The calculated spread in the footings using the measured floor strains was
approximately one-half these values when fil] was completed. If there is internal cracking within the gage
length of the gages under Arch B as speculated here, the total spread of 0.3 in. based on the
measurements under Arch A the better estimate of the spread in the culvert footings.

monitoring period. However, there is no clear seasonal trend in the fluctuations as there is in the
measured strains and soil pressures. The fluctuations are approximately equal to, or less than, the
maximum estimated error in measured height of 0.07 in., and therefore it is possible that the surrounding
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Figure 3.8 indicate that the high fill arches (Arches A and B) are significantly stiffer than the low fill arch
(Arch C). The measured pressures on Arch C are 80% less than those on Arch A but the measured
midspan deflection of Arch C is only 45% less than that of Arches A and B. These percentages are
approximately constant throughout the monitoring period. This is not surprising since the culvert design
is different at Arch A and B than it is at Arch C. The footings of Arches A and B are connected with
reinforcing steel while the footings under Arch C are only laterally restrained by the surrounding soil.
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monitoring period.,

These three figures also show the measured horizontal deflections of the nails across the three
instrumented crosg sections. The manner in which the measured horizontal spread of the footings of

undoubtedly caused by error in the measured values. The very large horizontal spread of the footings
of Arch B (Figure 3.14) measured at the completion fill is also Suspect since it is twice the value that
corresponds to the corresponding measured floor Strains,

3.2.4 Summary of Measured Culvert Response After Placement of Fill. Large post-construction
increases in strains (more than 100 %) and deflections (approximately 40%) were measured overthe 30

Summer which is restrained by the surrounding soil. This would result in greater interface pressures
during the summer and, since the strain gages do not measure temperature strains, increased compression
in the culvert in the Summer, which is consistent with the observed trend.
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3.3 Consistency of Measurements at Gages Located Symmetrically Within the Culvert
Monitoring Setup

A comparison of the measured response at symmetrical gage locations in the culvert is of interest
both for general understanding and as an additional criteria for judging the accuracy of the measured
strains and pressures. The monitoring system was set up so that there were a number of measurements
made at symmetrical locations. As Figure 1.1 shows, pressure gages were located symmetrically with
respect to the crown and with respect to the springline of Arch A. Pressure gages were also located
symmetrically with respect to the crown of Arch C. Operational strain gages were located symmetrically
with respect to the springline of Arch B and with respect to the footings in the floors of both Arches A
and B. Lastly, since Arches A and B are virtually identical and are located under the same fill
conditions, the gages at corresponding locations and midspan deflections of these two cross sections can
be considered symmetrically located.

At the end of the monitoring period, measurements at five out of the six locations which are
symmetrical within a cross section were within 20% of each other. Of these five, two were within 10%
of each other. Only the measured pressures at the locations symmetrical with respect to the crown of
Arch C differed by more than 20% (approximately a factor of 2). Also, at the end of the monitoring
period, three out of four measurements at symmetrical locations in Arches A and B were within 20% of
each other. In this case only the floor strains measured under the two cross sections differed by a large
amount (about a factor of 2). Considering both of these types of symmetrical measurements together,
a total of nine out of eleven symmetrical gages measured values within 20% of each other.

At the completion of fill, there was slightly less correlation between symmetrically located gages.
Measurements at four out of six symmetrical locations within cross sections were within 20% of each
other. Measurements at two out of four symmetrical locations in Arches A and B were within 20% of
each other. The good agreement between values measured at symmetrical locations increases the general
level of confidence in the accuracy of the measured strains and pressures since it indicates that there are
not any general problems with the gages or placement of the gages causing significant random error in
the measurements.




CHAPTER 4

MODELING SOIL-STRUCTURE RESPONSE
OF CULVERT AND SURROUNDING SOIL FILL

As was mentioned in the first chapter, a combined experimental/analytic approach is used in this
study to understand the response of the BEBO culvert and the surrounding soil. The analytic approach
consists of modeling the culvert and soil response using the finite element method. Specifically, the
CANDE computer code, which is in the public domain and is distributed through the Federal Highway
Administration, was used. This code, which was developed at the Naval Civil Engineering Laboratory
(NCEL) by M. Katona, et al.'” in 1976 (and modified in 1980%"), is "customized" for soil-structure
interaction in the sense that it is based on an incremental approach, so that it considers the incremental
nature of soil placement around the culvert, and it includes realistic, nonlinear material models for the
types of structural components and soils commonly used for underground construction. It also includes
interface elements which model frictional behavior and slippage at the soil-structure interface. The
primary shortcoming of the code for use in modeling the response of the BEBO culvert is that the
material models do not consider time dependent material response. As discussed in Chapter 3, the culvert
response is significantly affected by time dependent response, particularly concrete creep and shrinkage,
and possibly temperature strains. Therefore, the reinforced concrete material mode] in the publicly
available version of CANDE has been extended to include these types of time dependent response for this
study. Also, the limited options available for defining structural boundary conditions in the CANDE code
were expanded, and the capability to consider varying material properties within structural components
was added. :

In this chapter the CANDE ccde and the modifications which were made to the code are
discussed. The inputs used to model the BEBO culvert and the surrounding soil fill are also discussed.
In Chapter 5, a comparison of the measured and calculated response of the culvert is presented and
discussed, as well as a comparison between the response of a reinforced concrete arch culvert monitored
by the State of California and the corresponding response calculated with the modified CANDE code.

4.1 Overall Architecture of the CANDE Code

The existing version of the CANDE computer code is a two-dimensional, static, finite element
code which calculates incremental response to loading applied in discrete load steps. Elements can be
added to the finite element mesh at the beginning of each load step. This allows the code to model the

state of stress and strain caused by the typical incremental placement of soil lifts around underground
structures. The summed element stresses and strains calculated with an approach where soil elemenits are
added incrementally to the finite element mesh are much different (usually less severe) than the stress and
strain calculated with a one-step analysis which considers the final soil-structure geometry as a single
applied load condition. This is, in part, due to the stress-path dependence of the structure and soil
stiffness. However, even a fully linear-elastic analysis is affected by the incremental placement of soil
because of the presence of the free boundary condition at the surface of the soil during each load step.'’
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The CANDE code includes realistic nonlinear material models for a number of structural components and
soils commonly used for underground construction. The material nonlinearity is modeled by using an
incrementally linear-elastic approach. In this approach a linear-elastic solution scheme is used within each
increment, or load step, which iterates with "trial" solutions of the global system of equations to find the
two elastic modulus values for each element which are consistent with the material stress-strain model
at the calculated state of stress and strain. When these modulus values have been determined for each
element in the finite element mesh, the solution has "converged" for the given load step and the results
from this final trial solution are added into the summed results from previous time steps. This approach
allows a linear-elastic solution scheme based on Hooke’s law to be used during each load step, and also
models material nonlinearity by essentially “chording" along the material stress-strain relationship on a
load step by load step basis. The penalty imposed on this approach by the nonlinearity of the material
stress-strain relationships is the iteration, or multiple trial solutions of the global system of equations,
which occur during each load step.

The CANDE material models used in this analysis are: 1) the reinforced concrete model; 2) the
Duncan soil model; and 3) the interface element model. The reinforced concrete material model
calculates the stiffness parameters used in the stiffness matrix (cross sectional area and moment of inertia)
by considering the nonlinear effects of: 1) concrete cracking; 2) a trilinear concrete compression stress-
strain relationship which models yield, work-hardening, plastic response, failure, and unload-reload of
the concrete; and 3) an elastic-perfectly plastic steel stress-strain relationship. The structure is modeled
with beam-column elements with six degrees of freedom. The structural stiffness parameters are
calculated assuming plane stress in the in-plane directions, and plane strain in the direction normal (out
of the "page") to the two-dimensional plane modeled by the code. This directional coincides with the
north-south direction along the longitudinal axis of the culvert in this analysis. All yield, plastic
response, and failure criteria of the concrete model are based solely on the one-dimensional, in-plane,
longitudinal concrete stresses or strains. The Duncan soil model, which is used to model the soil fill
surrounding the culvert, is used to calculate the soil tangent Youngs modulus and tangent bulk modulus
as a function of the soil state of stress. The tangent moduli for each load step is the tangent to the stress-
strain curve at the average stress calculated from the stress at the beginning and at the end of the load
step. In this model, the axial soil stress-strain relationship is assumed to be a hyperbolic curve which
is determined for each soil type from curve-fits to triaxial test data. It is a function of both the confining
pressure, or the minor principal stress, and the soil deviator stress (the difference between the major and
minor principal stresses). The bulk modulus is only assumed to be a function of the minor principal
stress. This soil model, as it is implemented into the CANDE code, is applicable for monotonic loading
only, but it can be extended to consider unloading as is discussed in Reference 38. The interface

elements model relative movement at the soil-structure interface as purely frictional response. Initially,
no slip at the boundary is assumed, and slip tangent to the soil-structure interface is allowed when the
calculated shear stress along the interface exceeds the product of the normal interface stress and the input
friction coefficient. Also, separation is modeled when the normal interface stress exceeds the input
interface tensile strength. After any given response state (i.e. slip) is assumed, the response along the
interface calculated based on this assumption is checked for compliance with all the conditions assumed
for the given state.
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4.2 Reinforced Concrete Material Model

Concrete structures are modeled in the CANDE code with beam-column elements with six degrees
of freedom consisting of two displacements (in the X and Y directions) and a rotation at each node, or
end point. The bending stiffness and axial stiffness used to construct the element stiffness matrix are
calculated during each load step using: 1) a value for Youngs modulus of the concrete and steel based
on the current state of stress and strain through the thickness and assumed uniaxial stress-strain
relationships for each material; and 2) the current effective cross sectional area of the element, which is
a function of the state of strain. The effective area is zero if the strain exceeds the concrete cracking
strain and the concrete modulus reduces with increasing compression strain at discrete limit strains. The
steel modulus is constant up until the yield strain when it effectively reduces to zero. Since the strain
generally varies through the thickness, separate modulus and effective area terms are calculated at discrete
points through the element thickness, and the overall section properties are determined by integrating over
the thickness. The state of uniaxial stress and strain of the reinforced concrete element through the
thickness is calculated with the bending moment and thrust at each node, the known cross sectional
geometry at each node, the assumed concrete and steel stress-strain relationships, and the assumption that
the strain distribution is linear through the thickness. Iteration is necessary because the effective cross
sectional area and stiffness must be known in order to calculate the stress and strain but they are also
functions of the state of stress and strain. When through thickness stress and strain are calculated which
satisfy the equilibrium, stress-strain, and compatibility conditions, this is called "inner" convergence.
However, because nodes are not used through the thickness of the structural elements, the relationship
between element stiffness and the stress and strain within the element is not explicitly satisfied in the
finite element solution. The element stiffness is only affected when the concrete strain exceeds the
cracking strain in tension or exceeds a limit yield strain in compression, or when the steel strain exceeds
yield. Therefore, the stiffness is often relatively independent of the exact stresses and strains in the
element. However, a special convergence check is made after the finite element solution to verify that
the stiffness parameters used for the finite element solution are compatible with the through-thickness
strain distribution calculated with the bending moment and thrust from the finite element solution. This
convergence is called "outer" convergence.

4.2.1 Concrete and Reinforcing Steel Stress-Strain Relationships. The stress-strain relationships
used by the CANDE code for reinforcing steel and concrete are shown in Figures 4.1(a) and 4.1(b).
Only one-dimensional stresses and strains along the longitudinal axis of the element are considered.
Therefore, the material model is applicable when the structural response is dominated by thrust along the
longitudinal axis of the structure and flexure and is not affected by stresses perpendicular to the
longitudinal axis of the structure. This is not a problem for most structural members used in underground

construction, including the BEBO culvert, which usually have depth-to-span ratios greater than five.
Plane strain is assumed in the one-of-plane direction (normal to the plane modeled by the CANDE code)
and the elastic stiffnesses of both the concrete and steel are divided by 1-v? where v is poissons ratio.
All input and output is per unit width in the longitudinal direction where plane strain occurs. The
assumed reinforcing steel response is linear elastic in compression and tension up until yield as shown
in Figure 4.1(a). Yield occurs at the input yield stress of the steel. The elastic steel stiffness is equal
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to the input Youngs modulus (or 29,000 ksi) divided by 1-v2. Unloading is elastic with a modulus equal
to the elastic modulus. The steel area in the top and bottom steel layers and concrete cover over each
steel layer are also input.

For the concrete, a trilinear stress-strain curve is assumed for concrete in compression in the
CANDE code as shown in Figure 4.1(b). The first segment of the curve is linear up to the yield
strength, which is equal to one-half the input 28-day cylinder compressive strength (f). The modulus
in this section is based on an input value for Youngs modulus, or on a default of 57 ,000(f)2 and a
poissons ratio (assumed to be 0.17 or input value). The elastic-plastic segment of the assumed stress-
strain relationship is also linear, with a reduced slope, up until the onset of plastic response at a strain
of 0.002 in./in. Youngs modulus in the elastic-plastic segment is equal to 1/2(f)) divided by the
difference between 0.002 in./in. and the yield strain. The last segment is purely plastic response up to
the ultimate strain value of 0.003 in./in. The stress is constant at f¢ and the modulus is equal to a very
small value. At strains greater than 0.003, the stress drops to zero. Poissons ratio is assumed constant.
Unloading is elastic with a modulus equal to that of the virgin portion of the stress-strain curve.
Reloading is elastic with the same modulus until the stress reaches its previous maximum value, after
which the concrete response follows the original stress-strain curve. Tension concrete is linear elastic
with the same modulus used in the initial portion of the compressive stress-strain relationship up until an
input cracking strain. After cracking, the stress drops to zero. Cracked sections can carry compressive
stress at a later time, but no tensile stress can develop in a previously cracked section. No tension
stiffening is considered.

4.2.2 Iteration Procedures. The heart of the reinforced concrete material model in the CANDE
code is the iteration technique used to find the cross-sectional response at each node in the structure which
is consistent for the stress-strain relationships for the concrete and steel, the applied thrust and bending
moment, and the compatibility condition (linear strain distribution). The incremental strain at each of
eleven points through the cross section thickness is calculated with Equation 4.1. The incremental
bending moment and thrust are those calculated with the most recent trial finite element solution. The
incremental strain is added to the previous sum of strain from all previous load steps to obtain the total
strain. The total stress at each point in the concrete is calculated based on the total strain and the stress-
strain relationship in Figure 4.1(b). The total strain is compared to the previous maximum strain in order
to differentiate between strain along the virgin loading curve or along an unload/reload curve in the
stress-strain relationship. The tangent concrete modulus (Ey at each point through the thickness is equal
to the change in total stress at that point since the previous load step divided the change in total strain
since the previous load step. This is illustrated in Figure 4.1(c). The tangent modulus associated with
a point through the thickness where the strain exceeds the concrete tensile or compressive failure criteria

is equal to zero. The depth of cracking is also calculated and printed out. The tangent steel modulus is
also calculated at both layers of reinforcing steel using the same basic procedure.

e(y) = PAE, A')+M x(y-y'J(E, I’) @1



