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ABSTRACT

Since integral abutment bridges decrease the initial and maintenance costs of bridges,

they provide an attractive alternative forbridge designers. The objective of this project 1s to
‘ dévelop rational and experimental l;y verified design recommendations for these bridges.

Field testing consisted of insﬁrumezjting two bridges in Iowa to monitor air and bridge
temperatures, bridge displacements, and pile strains. Core samples were also collected to
determine coefficients of thermal expansion for the two bridges. Design values for the
coefficient of thermal expansion of concrete are recommended, as well as revised temperature
ranges for the deck and girders of steel and concrete bridges.

A girder extension model is deve loped to predict the longitudinal bridge displacements
caused by changing bridge témperatures. Abutment rotations and passive soil pressures
behinﬂ the abutment were neglected. The model is subdivided into segments that have
uniform temperatures, coefficients of expansion, and moduli of elasticity. Weak axis pile
strains were predicted using a fixed-head model. The pile is ideali'_zed as an equivalent
cantilever with a length determined by the surrounding soil conditions and pile properties.
Both the girder extension ‘model and the fixed-head model are conservative for design
purposes.

A longitudinal frame model is develaped to account for abutment rotations. The frame
model better predicts both the longitudinal displacement and weak axis pile strains than do

the simpler models. A lateral frame model is presented to predict thg lateral motion of skewed
bridges and the associated strong axig pile strains, Full passive soil pressure is assumed on
the abutment face. |

Two alternatives for the pile design are presented. Alternative One is the more
conserlvativ.e and includes thermally induced stresses. Aiternative Two neglects thermally
induced stresses but allows for the partial formation of plastic hinges (inelastic redistribution
of forces). Ductility criteria are presented for this alternative. Both alternatives are

illustrated in a design example.
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1. INTRODUCTION
_1.1. Gene_ral

Integral abutment bridges have been used throughout the United States and several
foreign countries. Traditional bridges are ﬂesigﬁéd with expaﬁsion joints and other structural
releases (Fig. 1.1a) that presumahly allow the superstructure to expand and contract freely
with changing temperat.ures. The mtegral abutment bridge (Fig. 1.1b) is less costly because
expansion joints are eliminated in the’ brzdge deck, which reduces the initial construction cost
as well as continued maintenance costs. However, when expansion joints, roller supports, and
other structural releases are elimin&te&, thermal forces are introduced into the bridge and

| must be accounted for in the design. The stresses produced in the abutment'piiing are the
tﬂplc of this report. '

Over half the state highway agencies have accepte& the design of integral abutment
.bndges, but all have their own limitations on a safe length for such bridges[1-3]). For
example, the Federal Highway Administration [4] reecommends the following values as length

limitations for integral abutments with continuoeus spans;

St_eei 300 ft
Cast in place concrete 500 {%
Pre- or post-lensioned conerete 806 1L

The American Association of State Highway and Transportation Officials (AASHTO) does not
address integral abutment bridges but does require that all bridge designs shall provide for
thermal stresses or that means shall be provided for the thermal movements {5, Secs. 8.5.2,
9.5.1,and 10.11], |

L.2. Objective

The objectlve of this research is to verify experimentally a design procedure for piles in
integral abutment bridges.
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Fig. 1.1. Bridge abutment types: {a) bridge with expansion joints, {b} integral abutment
bridge.



1.3. Projept Overview

The prq]ect consisted of collecting experimental data (dmpiacements air and
superstructure temperatures and pile strams) for roughly two years and comparing them with
analytlcal results from equatmns developed in previous studies[1,3,6-10].

Design recommendations are made fér two types of bridges (predast concrete and steel),
Factors considered in the design recemmendatmns are the actual brxdge temperatures the
effective eoeiﬁcmnts of thermal expansion; and the stralns m the abutment piling. A desngn

example is presented

1.4. Literature Review

1.4.1. Bridge Temperature and Expansion

Actual temperatures within a bridge superstructure differ from the ambient air
temperature. Imbsen et al. [11] used empirical data (normal, daily minimum and maximum
air te‘mperatures') to obtain the minimum and maximum effective bridge temperatures.
Emanuel and Hulsey [12] developed equations for the minimum and maximum ambient air
temperatures and their corresponding solar flux (solar radiation). They used simple models
based on computerized reduciions of 20 years of weather data near Columbia, Missouri.
Churchward and Sokal [13] correlated minimum and maximum ambient air temperatures and
insolation (solar radiation) with the temperatures in the bridge cross section. Onthe basis of
studies by previous authors, Reynolds and Emanuel [14] suggested methods to predict the
superstructure temperature given the ambient air temperature. AASHTO [5, Sec. 3.16] states
that “due consideration shall be given to the lag between air temperature and the interior
te mperature of massive concrete members or structures” and g’wes the following range of

structure temperatures

Metal Structures: Temp. Ranges

Moderate climate ‘ 0°t0 120°F

Cold climate 30° to 120°F |

Concrete Structures: Temp. Rise . Temp. Fall
Moderate climate 30°F  40°F

Cold climate 35°F | 45°F



Temperature distributions through the depth of the superstructure have also been

‘studied by several authors. Emanuel and Hulséy [12] and Prakash Rae {15] developed
temperaturs distributions based on two-dimensional and one- dimehsienal heat flow models,
respectively. A numerlcal solution was used to determine the dxstrxbutlon through the depth
and a finite element mode! was developed to determine the initial conditions and boundary
conditions. Churchward and Sokal {13] éollected temperature data through the depth ofa
concrete box-girder bridge for a three-year period. From these data, the authors developed
equatioﬁs‘rélatihg the superstructure temperature to the ambient air temperature. Kennedy
and Soliman [16] proposed a linear-uniform vertical temperature distribution based on t;heory
and experiment, '

Several papers [17-20] presented methods to estimate the thermal stresses in conerete
and composite bridges. Soliman and Kennedy {17} and Hulsey and Emanuel [18] estimated
thermal stresses by imposing compatibility conditions and solving strain equations at the
interface of the concrete deck and steel beams. Radolli and Green {19) developed empirical
design equations iﬂ'or. thermal sf;resses in superstructures that are based on climatic data, for
example, the émhient air temlperature and solar radiation. The design equations can be used
with a varlety of superstructure geometnes Rahman and George [20] used a numerical
approach to determme thermally induced stresses They also presented a finite element model

for & continuous span, skewed bridge.

1.4.2. Coefficient of Thermal Expansion

AASHTO'fS] specifies the coefficient of thermal expansion for concrete as
0.000006 in./in./°F but all conerete does not exhibit the same coefficient of thermal expansion.
1tis a funetion of cement mix, aggrégate types, mix préportiohs, temperature, and concrete
age. The thermal expansion of concrete is £he result of two processes océurring simultaneously
[21]. The first is the normal thermal expansion common to all anhydrous solids (aggregates)
and the second is the hydrothermal expansion or contraction caused by the movement of
internal water in the capillary and gel pores of the concrete paste phase.

Since aggregates make up 80 to 85% of concrete, the thermal properties of the
aggregates highly influence the ccefficient of thermal expansion of a given concrete. Rhodes
[21] reports values ranging from 3 to 6 p in./in./'F for some limestones. The paste occupies 15
t0 20% of conerete by volume and may exhibit an expaxision coefficient ranging from 5 t012

pin./in./F. Davis [22] found that the aggregate coefficient of expansion has the greatest effect



on the coeiﬁcxent of expansion of the conerete. Callan {23] and Gmffit;h [24] determined that
the source and mmera! composition (silica content) are the most mﬂuentxal factors that affect
the thermal coefficient of expansion of aggregates.

- Meyers[25] found that the coefficzent of expansmn of concrete increases to a maximum
value when the moisture content is approximately 70% of saturatmn and decreases to a
minimum value at, 100% saturation. His test results also showed th_at the coefficient of
thermal éxparision of concrete will decreasé siightly with age. Zuk [26] determined apparent
' 'coefﬁclents of expansmn for several types of br1dges from experlmental data. Emanuel and
‘ Hulsey 127] developed an effective means of predicting the thermal coefficient of expansmn
which is based on the thermal charactenstlcs of coarse and fine aggregates, relative humidity,
and temperature

a, =l faBpos + Bpatpy + Boatodd , a.n

in which fy represents the correction factors for temperature alternations (1.0 for contrelled
environment and 0.86 for outside e;cposure) . The eorrection factors for moisture and age are fiy
and fa, respectively, aé given in Fig, 1.2. The coefficient of thermal expansion for the
saturated condition, ag, is 0.000006 in.fin./°F. The coefficients of thermal expahsion for the
fine and coarse éggreg‘ates are apa and aca, respectively. (Typical values are givenin [27]).
The proportions by vo,lun_ie of the paste, fine aggregate, and coarse aggregate are Bp, ﬁpA,.and
Bca, respectiveiy.
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Fig. 1.2, Correction factors for moisture and age (adapted from Ref. [27]).



2. FIELD TESTS
2.1, Objective .

A field testing program was conducted on two types of bridges in Iowa-a prestressed
~ concrete beam and a steel girder-to collect bridge expansion data on deck and girder
temperatures, air temperature, and pile strains. Coefficients of thermal expansion were

determined from concrete cores taken from the two bridges.

2.2. Test Procedures

2.2.1. Test Sites

Field tests were performed on two bridges. The first is a prestressed concrete girder
bridge, the Boone River Bridgé, located in Webster City on county road R-33. Webster City is
located in the central part of lowa approximafely 40 miles north of Ames. The second bridge,
of steel girder construction, is the Maple River Bridge, located approximately one-half mile
south of Dahiﬁuz‘y on county road L-37. Danbury is located approximately 40 miles east and 40
miles south of Sioux City.

Boone River Bridge ‘

The Boone River Bridge is a concrete deck and prestressed girder bridge that spans
324.5 ft and is 40 ft wide. Figures2.1,2.2, and 2.3 show a plan, profile, and cross-sectional
view, respectively, of‘ the Boone River Bridge. The bridge is a continuous four-span bridge.
Two of the piérs are Yocated approximately 80 ft from each abutment and the third pier is
located in thq center of the bridge. The prestressed girders are not integi'al with the piers but
siton neoprené pads approximately 1 in. thick. The rest of the structure is monolithically
constructed. Thé skew angle of the bridge is 45°. The 7 ;1/2 in. deck is of reinforced concrete
witha conipressive strength of 3600 psi. The aggregate Was primarily erushed limestone
aggrégate. The préstressed conerete girders are C80R type, as specified by the Towa
Department of Transportation (Towa DOT), with a design strength of 5000 psi. The piles were
drivenina ﬁredrilled hole approximately 9 fi deep with the strong axis parallel to the

longitudinal direction of the structure and battered at a slope of 4:1 in the lateral direction
‘only (Fig. 2.4). '
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'~ Maple River Bridge

The Ma;“:le River Bridge is & composite concrete deck and steel girder bridge, 320 ft long
- by 82 1t wide. Figures 2.5, 2.6, and 2.7 show a plan, profile, and cross-sectional view,
VVreSpectively, of thé Maple River Bridge. The bfidge isa éontinuous three-span bridge with two
piers Jocated appljcximately 98 ft from each abixtmént. The Maple River Bridge has askew
~angle of 30°. The abutments and girders were integrally cast with the deck to form a
" monolithie structure. The 8-1/2-in. deck is of reinforced concrete with a concrete compressive
s'trength of 3500 psi. The coarse aggregate is gravel found in northwestern Iowa. The steél
gir_dérs are welded plate girders approximately 49 in. deep and placed on bearing pads over the
piers. The pileé iavefe driven in a predrilled hole approximately 12 ft deep with the strong axis
parallel to the longitudinal direction of the bridge and battered at a slope of 3:1 in the lateral
dire'ctio'n only (Fig. 2.4). Soil conditiohs are summarized in Appendix A.

2.2.2. Instrumentation

Typical instrumentation at each test site is described helow. (Refer to Appendix A for
additional information.) | |

Two lHinear variable differential transformers (LVDTs) were installed on the Maple
River Bfidge én&_one on the Boone River Bridge to monitor the longitudinal displacements.
The LVDTs were placed at one end of each bridge under the o-\ferhang, in an electrical box.
Each LVDT was clamped inside a spring wit_‘.ﬁ a known spring constant. The spring was
attached to a wire, which was stretched across the entire length of the bridge. Nickel-iron wire
was héed because its coefficient of thermal expansion is extremely low (0.0006007 in./in./F)
over the terﬁperature range encountered in the field. The wire had a diameter 0of 0.05 in. and
w&s enclosed ina lubricaté& conduit to reduce frictional effects.

‘Surveying instruments were used to measure the bridge movement on a hot and cold
day, asa check on the LVDT measurement,

Figure 2.8 shows a typical cross section and the locations of the thermocouples inthe
deck and girders. A c_opper-consténtan type thermocouple wire waé used. The thermocouple
wires were placed in conduits to protect them from the environment, At the Boone River
Bridge, holes were drille’d in the preéast 'gi:.'d'ers and the ,tb_grme(':ouple wireé were placed inside

the holes and sealed with grout. At the Maple River Bridge, the thermocouple wires
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were soldered to the exterior surface of the steel girders and enclosed in electrical junction
hoxes. | 7 ‘

Four electrical resistance strain gages were placed on the second battered pile from the
west end of each abutment. Only one pilé at each bridge was instrumented with strain gages.
Figure 2.9 shows the orientation and location of these gages. The strain gages were placed
about 6 to 8 in. below the bottom of the abutment. Excavation was required at the pile-
ébutment interface, where approximately 3 ft of the pile was exposed for placement' of the
strain gages'. The excavated area was leff unfilled for the duration of the testing.

'The control center was centrally located under one end of each bridge. All data were
collected and stored in a Campbell Scientific computer, Mierologger 21X, The data were
upioéded to cassette tapes about every 2 wks and transferred to floppy disks for permanent
storage. The control centers were placed inside a‘seeurity fence te protecf; against vandalism.
Electrical hookups were provided by lecal power companies to meet the necessery électricity
requirements. All instruments were enclosed in a junction box and the wires enclosed in

conduits to protect against vandalism and environmental hazards.

2.3. Experimental Results

2.3.1. General -

Data collection (LVDT and thermocouple readings) started on January 8, 1987, and
ended on February 28, 1989, at both sites. The data collection for strain readings began on
January 1, 1988, at the Boone River gite and July 1, 1988, at the Maple River site and ended at
both sites on February 28, 1989. Data were collected every 10 min. The six 10-min readings
were averaged for an hour. The hourly averages for each device were stored in the memory of
the Microloggér 21X. The zero hundred hour (0000 military time) on October 1, 1988, was
selected as the reference day at the Boone River Bridge and September 6, 1988, as the
referelnce day at the Maple River Bridge. These &ates wers seﬁected because the air

temperature was very close to the mean air temperature for the 26-mo period.

2.3.2. Air Temperature

Figures 2.10 and 2.11 show the actual air temperature at the two sites. At the Boone
River Bridge the low temperature, -25° F, occurred on February 11, 1988, and the high, 103°F,
on August 15, 1888, A low temperature of -21°F oceurred on February 11, 1988, and the high,
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113°F, on June 20, 1988, al the Maple River Bridge. Both structures experienced roughly the
- same trend in air temperature over the 26-mo test period. The mean air temperature at both

sites was about 55° F. The maximum air témperature range at the two bridges was 128° F and
134° 9, respectiveiy. '

2.3.3. Bridge Temperatures

Bridge temperatures were recorded by the thermocouple wires that were placed in the
deck and girders of the superst;ructure (Fig. 2.8). The hottest bridge temsperature, which
cccurred in the deck near the upper surface, was approximately 120° F at the Boone River
Bridge and 122° F at the Maple River Bridge. The coldest recorded bridge temperature of
-16° F was fairly uniform throughout the superstructure of both bridges. Thus, the maximum
temperature range for the deck at the Boone River Bridge was 136° F and 138° F at the Maple
River Bridge. The mazimum temper—atuz"e range for the prestressed beams at the Boene River
Bridge was 116°F and 117° F for the steel girders at the Maple River Bridgé.

The temperature distribution through the depth of the deck and concrete girder is
shown in Fig. 2.12 for the Boone River Bridge at the time of the hottest temperature. The
distribution is similar for the Maple River Bridge. The distribution for the coldest bridge
temperature is essentially uniform through fhe depth of the deck and girder system"

Temperatures were recorded across the width of the bridge also. The maximum
temperature difference across the width was approximately 15° F at the time of the highest

temperature.

2.3.4. Bridge Displacements

Figures 2,13 and 2.14 show the measured longitudinal displacements at the Boone
River Bridge and the Maple River Bridge, respectively. The equation for the measured bridge

displacement, Ay, is
— ‘ 1
A=A+ A+ aw(Ai")Lw (2.1}
where A is the spring displacement measured by the LVDT and equals Py/k. (P is the force in

the spring and k is the spring constant.) The thermal movements of the spring were

considered negligible. The quantity A, is the wire elongation caused by the longitudinal
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Fig.2.12.  Temperature distribution through the depth of the Boone River Bridge.
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movement and equals P,L/AE, where L is the length of wire, and A and E are the cross-
sectional area and modulus of elasticity (apprdximétely 21,000,000 psi) of the wire,
respectively. The term a,{AT)Ly, is the elongation of the wire due to temperature changes. A
i;herntmco’uple was placed in the conduit to record the temperaturelof the wire. The Boone
River Bridge had a total diép]acement range of aﬁproximately 2 in. and the Maple River
Bridge had a total displacement range of approximately 2-1/2 in, Surveying instruments
showed longitudinal displacement rai_lges of 1.8in. and 1.91in,, respeétively. (The surveying
measurements were not made on the hbtﬁést and coldest daﬁs.)

There were pile bending strains about the strong axis (Sec. 2.3.5), which suggest that

lateral displacements also occurred. Lateral displacements were not measured directly.

2.3.5. Pile Strains

Figures2.15 and 2.16 show the pile strains caused by bending about the weak axis, ey,
for the Boone River and Maple River bridges, respectively. Likewise, Figs. 2.17 and 2.18 show
the pile strains caused by bending about the strong axis, ey, for the two bridges. The equation

for the total measured strain, gy, is

S 2
e, ea+ex+ay+at (2.2)

where g, is axial strain; g, and gy are the strains due to the bending about the x and y axis,
respectively; and ey is the warping normal strain associated with torsional bending. At the
Boone River site the four unknowns-g,, ey, &y, and e;-were isoiatéd by solving four simultane-
ous equations invelving the measured strain of the four gages (see Appendix A). Two
cemponents,'ea, and ey, were relatively small in magnitude compared to the strains ex and ey
and are not studied in detail here. [the that the piles were oriented so that bending occurred
predominantly about the weak (y) axis as tﬁe bridge expanded longitudinally; refer to |
Fig. 2.4.1 At the Maple River site, the readings of one gage became erratic and only three
gages were available in the calculations; hence, only three simultanecus equations were
available. The torsional strain was assumed to be negligible since the torsional strain at the
Boone River site was small.

Figures 2.15 through 2.18 show the experimental strain ranges due to temperature
only. The strain ranges were approximately 790 to 900 pin./in. for gy at the Boone River and

Maple River bridges, respectively, and 200 to 300 in/in. for &y. Thermal strains will be
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greater th_an this at the flange tips (beyond the strain gages) and just below the abutment
(above the strain gages). Strains due to vertical and other loading are not included in the

‘ experimenﬁal values. The steel in the piles has a yield strain of approximately 1200 y in./in,
Most Iikely, yielding occurs at the ﬂange tips up next to the abutment.

24. Coefﬁciént of Thermal Expansion

2.4.1. Test Cores

Three cﬁre sampleé were obtained from the bridge abutments at each site. (Note: No
cores were taken from the deck or girders.) The concrete from the Boone River site contained
mostly crushed limestone aggregate, while that from the Maple River site consisted of a gravel
aggregate mixture. The core samples were 4 in. in diaméter and varied in length from 10 to
13in. after trimming. Each sample was placed in one of three different moisture conditions
(air dried, oven dried, and saturated) to determine the effective coefficient of thermal

expansion,

2.4.2. Test Procedure

Tests were conducted inan environmental chamber capable of controlling both
tempe rature and humidity. (Appendix B containg moreinformation on the experimental
setup and results.) | '

Each core sample was placed inside the chamber and subjected to changing
temperatures‘ (a heating and cooling cycle). The internal tempefature and displacement were
recorded at hourly intervals. .Coeﬁ'icients of thermal expansion versus time are illustrated in

Appendix B.

2.4.3, Res‘ulﬁs and Recommendations

Table 2.1 summarizes the test results. Stabilized values occurred when there was little .
chan ge in the coefficients of thermal expansion. The highest value of the coefficient of thermal
expansion is exhibited by the air-dried cores. The saturated cores showed the lowest values.
This trend is consistent with t;hé Yiterature [21-27). The limestone aggregate concrete {Boone
River Bridge} has a smaller coefflicient of thermal expansion than does the gravel concrete

(Maﬁlé River Bridge). This is also in agreement with the literature.
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Emanuet and Hulsey {27] developed an empirical equation to predict the thermal
coefficient of expansion (Eq. 1.1). Their equation was compared to the laboratory values for
the air-dried conditions. The input of the material properties into Emanuel and Hulsey's
equation were from the lowa DOT D57 mix for structural concrete. The results in Table 2.1
agree well, Values for the saturated and oven-dried conditions were also checked and agreed
favorably.

Based on the preceding results, the recommended coefficients of thermal expansion for
the concrete in the abutments of the Boone River and Maple River bridges are shown in.
Table 2.1. The values are siightly biased toward the heating cycle since this is the highest
expansion phase in the field. Before utilizing these values for the design of other bridges, the '
following conditions should be kept in mind: ‘ o

8 The design values are for mature concrete. New concrete may have a higher

coefficient of expansion. The factor f in Fig. 1.2 can be used to correct for age
effects. The authors recommend that the value of mature concrete be used.

© The coefficient depends heavily upon the coefficients of the aggregate (Sec. 1.4.2).

Hence, other limestone aggregate concrete could have a significantly different
coefficient than the Boone River Bridge.

® QGirder and deck conerete should be evaluated for the coefficient of expansion.

Table 2.1. Effective coefficients of thermal expansion _(p infin/°F).

Boone River Maple River
" Heating Cooling Heating Cooling .
Air Dried 4.2 4.5 4.5 52
Oven Dried - 3.0 31 45 4.3
Saturated : - 3.5 ‘ 34 4.0 " 4.0
Ref. [27}2. 4.7 ‘ 5.2
Design . ‘ 4.5 : 5.0

aValues were calculated with mature conerete and crushed limestone aggregate (Boone River
Bridge) and gravel aggregate (Maple River Bridge).
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3. THERMAL EXPANSION MODEL
3.1, Objective

A méthod to prediet the 1ongituiiina1 thermal expansion and contraction of bridge
structures is developed and compared to experimental values. A frame modelis also presented
to predict long'itudinai disp'lacements. o

As stated in Sec. 2.3.5, measured pile strains, e, confirm that lateral motions also
oceurred, aithough they were not measured directly. A model for predicting lateral

displacements is illustrated in Ch, 4,

3.2. Axial Displacement Mddel

An idealized model of a bridge cross section is shown in Fig. 3.1. The model is divided
into n segnients, with the assumption that each segment has the following properties: uniform
température, uniform coefficient of expansion or contraetion, and uniform modulus of
elasticity. Only axial extensions of the bridge were considered in the development of the axial
displacement model. Abutment rotations are not included; in addition, the forces on the
abutment caused by the passive and active earth pressures were neglected. In other words, the
axial stiffness of the deck and girder system was assumed to be large enough to be unaffected
by the pile restraint and the soil surrounding the abutments. Figure 3.2 shows the

unrestrained longitudinal displacement, A;, of each segment, j, and equals

A =a{AT )L, (3.1)
P A A

where q; is the coefficient of thermal expansion, AT; is the internal temperature change, and L;
is the length of each segment. The total longitudinal displacement of the bridge is Ay,

The expansion and contraction of the structure induce thermat forces in each segment:

: Aij
F, o=(A ~ i (3.2
hf ( i Ay L. }
i
where A'j is the cross-sectional area, and E; is the modulus of elasticity. Equilibrium of the

horizontal forces requires that the summation of Fiy; ‘equals‘zéro or
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BRIDGE SEGMENTS

Fig. 3.1. Idealized bridge displacement model (axial only).
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Ay l EXPANSION
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Fig. 3.2. ‘Assumed displacement of each segment and overall bridge displacement. -
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AE,
):(A ~A) “‘=o | (3.3
j=1 | L -

Assumihg the length of éll sa’gments isequalto Land solv_iﬂg for "Ab yields

A =

n
2 AAE,
Jje=1

R

2

b (3.4)
Substltutmg Eq. (3 1) into Eq (3.4) results in the following equatmn for the longitudinal
bridge dlsplacement
n
2 oAT)AE,
‘ =1
By =t— L (3.5)
> AE
4 I g
J=1

The Boone River Bridge was subdivided into 16 segments corresponding to the
thermocouple locations shown in Fig. 2.8. For example, the deck had eight segments, the
guardrails had one segment each, and the beams had two s.egments {the upper thermocouple
- had approximately one-third of the beam croéswsectional area and the lower thermocouple had
about ﬁwo—thifds of the érea}. The temperature changés in all the segments were taken as the
actual temperatures recorded by the corresponding thermocouples. The coefficient of thermal
expansmn of concrete was taken as 0,0000045 in. Im FF for the Boone River plot and
0. 000005 in. Iin °F for the Maple River plot (Table 2 1) (Remember that ‘I‘able 2.1 values are
for conerete in the abutment.) The same coefficient of thermal expansion was used for the deck
and girders The modulus of elasticity was 3,122,000 psi for the deck and 4,030,500 psi for the
prestressed glrders, which corresponds to 57,000 times the square root of the compressive
strengths reported inCh. 2, The Maple River Bridge is similar except the girders are steel (a
of 0. 0000065 in.fin/°F and an E of 29,000,000 psi) and the modulus of elasticity for the deck
was 3,372,100 psi

Figures 3.3 and 3.4 show the longitudinal displacements versus time for the Boone
River and Maple Rlver Bridges, respectlvely, from Eq. (3. 5} The dxsp]acements shewn in
Flgs 3.3 and 3. 4 (Baone Rwer and Maple River Bridges, respectwely) show the same trend in
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displacements over the 26-mo test period as do the experimental displacements shown in
Figs. 2.13 and 2.14 {Boone River and Maple River bmdges respectively). |

Smce the coeﬂ'ic:ent of thermal expansmn of conerete is gquite variable, a range of values
was studied, _The bounding values used were 0.000003 in./in./°F t0 0.0000045 in./in./°F for the
Boone River Bridge and 0.000004 in /in./°F to 0.0000052 in./in./°F for the Maple River Bridge.
These values represent the maximum and minimum stabilized values shown in Table 2, 1
Flgures 3.5and 3.6 compare the experimentally measured dlsplacements to the displacements
calculated in Eq.-(3,5). The maximum displacement ranges from Eg. (3.5) are shown in the two
figures for the maximum range of bridge températureé, The displacement range is the total

movement due to bridge expénsion and ¢ontraction. The axial model (Eq. 3.5) with the

‘bounding eoefficients of thermal expansion bounds the experiméntal displacements.

3.8. Longitudinal Frame Model

A two-dimensional frame model was developed to include the flexural stiffness of the
piles and the axial and flexural ‘stiffnesses of the deck and girders in the prediction of the
20ng’itudinal movement of each bridge. The passive and active earth forces were neglected
becaﬁse the cdrreéponding displacements were small relative to the bridge movement. Only
one-half of each structure was rhodeled because of symmetry. Figure 3.7 shows an elevation
view of the two-dimensional frame model of the Maple River Bridge. This bridge is illustrated
because of its composite construction.

The pile Iength LMy, shown in Fig. 3 Tis the equwalent cantilevered length discussed
_ in Sec. 4.3 and presented in Appendlx C. Other member lengths are shown in Fig. 2.5. Nodal
~ locations for the deck and girders were selected at the center of gravity of the respective
elements. A node was placed at the Iocatmn of the LVDT (brldge dlspkacement Ap) so thata
direct comparison could be made with expenmental displacements. Another node was
similarly placed at the strain gage Iocatmn. At the plane of symmetry, the noidal
displacérhents were constrained againsﬁ rotation and herizontal-disp]acemeht. Rigid members
were used to connect the deck and‘girder elements to simulate full composite action. Atthe

pier, the steel girder and pier elements were allowed to rotate independently but the
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horizontal and vertical displacements were coupled to move together. The Boone River Bridge
frame model was similar to the Maple River médel except for two things: (1) at the plane of
symmétry, a rigid vertical support was provided to model the center pier (Figs. 2.1 and 2.2) and
(2) at the intermediate pier, only the vertical displacement was coupled.

The .linéar temperature distribution shown in Fig. 2.9 was assumed to act on the deck
and girder system of the frame model. Only three temperatures were used in the frame model,
spécifica]ly, the temperatures at the thermocouples nearest, the top of the deck, the deck and
girder interface, and the bottom of the girder. The coefficients of thermial expansion were the
bounding values used in Sec. 3.2. Figﬁfes 3.5 and 3.6 show the frame model's iongitudi_na}
dispiacezﬁents, which are approximately equal to f,he axial model’s displacements; therefore,

the axial model ig satisfactory for predicting thermal longitudinal displacements.

3.4. Comparison with Experimental Displacements

The langitudinal displacement ranges for the axial and frame models (illustrated in
Pigs. 3.5 and 3.6) bound the experimental displacements. The displacements are dependent on

the magnitude of the coefficient of thermal expangion of concrete,

3.5. AASHTO Longitudinal Displacements

The cold climate temperature ranges suggested by AASHTO [22, B¢, 3.16] are

Metal structures T = 150°F

Conerete structures T= 80°F
(The cold climate temperatures were used because the air temperature at both sites fell below
-20° F). AASHTO suggests that the coefficient of thermal expansion for conerete be
0.000006 in./in./°F and for steel be 0.0000065 in./in./°F. Using Eq. (3.5) with one segment for
the deck and ene for the girders, we found the AASHTO longitudinal displacements are 1.9 in.
and 3.6 in. (see Figs. 3.5 and 3.6) for the Boone River and Maple Rivef bridges, respectively.
The AASHTO displacement range is very close to the experimental displacement range for the
Boone River Bridge. However, the AASHTO temperature range is significantly smaller then
the range measured for this concrete bridge (Sec. 2.3.3) and the AASHTO coefficient of ther-
mal expénsion'is significantly larger than experimental results (Table 2.1). Itis a coincidence

that the AASHTO displacements are approximately equal to the experimental values. At the
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Maple River Brzdge the AASHTO displacement range overestimates the experimental
dispiacement shown in Flg 3.6.

3.6. Recommendations

For purposes of calcﬁlating the longitudinal thermal expansion, a bridge should be
divided into two segments; the deck and the girders. Either the ax1a1 mode! or the frame
.model can be used to predict the long1tud1na1 dxspiacements

Deszg_n values of the coefficient of thermal expansion for the Boone River and Maple
River bridges would be 0.0000045 and 0.000005 in.fin.°F, reépectively, both significantly
below the ‘AASH.'I‘O fecommendation. ‘In general, the value should be experimentally
determined or predicted by some other means such as Eq. .

For design purposes, one w_ould select an air temperature range larger than that.
recorded at the two sites over a two-year period only (Sec: 2.3.2). Hénce, for design purposes
one would select bridge temperature ranges higher than these measured in Sec. 2.3.3. In

addition, concrete and steel bridge temperatures are not significantly different, The following

values are recommended.
Temperature Range
Concrete Deck 150°F
Concrete and Steel Girders 140°F

The longi_tudiﬁai displacement ranges, using the above recommended values and
Eq. (3.5), are shown in Figs. 3.5 and 3.6 for the Boone River and Maple River Bridges,
respectively. The recommended design longitudinal displacements are 2.5 in. for the Boone
River Bridge {(versus 2 in. measured) and‘3'.1 in. (versus 2-1/2 in. measured) for the Maple
River Bridge.l The ‘recommen‘ded coefficient of thermal expansion and temperature ranges

give reasonable results for design purposes.
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4. PILE STRAINS
4.1. Objective and Scope

The ohjective of this chapter is to verify a means for predicting the pile strains caused bjr
the thermal expansion and contraction of integral abutment bridges. A comparison is made

with the measured strains from Ch. 2.

4.2. Soil Characteristics

4.2.1, Pile and Soil Systems

Greimann et al. [1] used the Winkler soil model, shown in Fig. 4.1, {0 analyze soil-pile
interaction. A finite element model and a design medel were developed and compared. In both
models, the springs represented the soil surrounding the pile. The lateral springs have an
initial lateral stiffness, kp, of the seil. The vertical springs have an initial vertical stiffness,
ky, of the soil and the point spring has an initial point stiffness, kg, of the soil, In the finite
element model the springs were assumed to behave nonlinearly. The design model, which is

compared to the experimental results in this chapter, assumed linear springs.

4.2.2, Soil Properties

The only soil spring property needed for design purpeses is the initial lateral stiffness,
ky. The equations and basic soil properties for determining the initial stiffness are listed in
Table 4.1 (adapted from Ref. {1]). Typical soil properties for an HP 10x42 steel pile in clay and
sand soils are l-isted in Table 4.2[1]. The initial lateral stiifness, k, is assumed to vary

linearly with depfh for granular soils dn& to be constant for clay soils.

4.2.3. Initial Lateral Stiffness

Cross-sectional views of the south abutment of the Boone River Bridge and the north
abutment of the Maple River Bridge are shown in Figs. 4.2a and 4.3a, respectively. Various
soil layers, as determined by soil borings, are shown (refer to Appendix A also). The predrilled

holes extended to 9 ft below the bottom of the abutment at the Boone River Bridge and to 12 ft



36

PlAV
H,A -
Kn .
ke "
, LATERAL
SPRINGS
VERTICAL a7
[ =,
SPRINGS §
POINT

i‘kq /— SPRING
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-Table 4.1. Initial stiffness, ky, and basic seil properties.

Case - ke | . pu (use lesser value)
Soft clay and stlf‘f e |
clay p p,= 9cuB
y SR PO SR |
50 pu—-[3+cx+BxcuB
. u
Very stiff cla ’ R
y _ Y o p,= chB
Pu " 0.0
2y . = Y, . 20
J’m‘_..._ : pu—-[3+cx+Bx]cuBl
. u
Sand p. = yalBk_~ k) + xk tanatanp
“ p » :
Jyx -+ xk tanBltang — tana)l
1.85
p, = yx(ka +2k% tand ~ k )B
| e P TP e
g0 Axial strain at one-hall peak stress difference from triaxial text; or use 0.02 for solt
clay, 0.01 for stiff clay, or 0.005 for very stiff clay.
cy Coheszon from an unconsolidated, undrained test
B Pile width - :
Y Effective unit soil weight
X Depth from soil surface
d Angle of internal friction
kpk; = tan?(45° £ ¢/2)
ko = 1-gingp
a = ¢/2 for dense or medium sand, ¢/3 for loose sand
B = 45° + ¢/2
d = 200 for loose sand, 600 for medium sand, 1500 for dense sand
Y50 Displacement at one-half ultlmate goil reactlon 2.6 Bego for soft and stiff clay, 2.0

Begy for very stiff clay.
= ultimate soil resistance




Table 4.2. Soil properties for an HP 10x42 pile in clay and sand soils.
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Clay ' Soft Stiff Very Stiff
Blow count, N 3 15 40
Effective unit 50 60 65
weight, y(peh
Undrained 400 1,600 5,000
cohesion, ¢, (psf) ‘
po (k1f) 3.00r 120r 37or
(use lesser value) 1.0 + 0.24x 3.9 + 0.856x 12,5 + 10.1x
Ky, (ksf) 72 or 580 or 2,200 or
(use lesser value) 24 + 5.8x 180 + 41x 750 4+ 610x
»
Sand Loose Medium Dense
Blow count, N 5 15 30
Effective unit 55 60 65
weight, y(peh
| o
Angle of friction, ¢ 30° 35° 40°
po k1D ' 0.070x2 + 0.12x 0.15x2 + 0.17x 0.26x2 + 0.24x
forx = 20 forx < 18 for x = 22
1.5x 2.9x 5.9x
forx > 20 forx > 18 forx > 22
kp (ksh 8.0x 27x T2x

at the Maple River Bridge. The excavation for the strain gages exposed about 3 ft of the piling
beneath the abutments.

Although seil borings were taken at the Boone River site, no quantitative soil
investigations were performed. Shelby tube samples were collected at the Maple River site
and an effective unit weight of 58 1b/ft3 was determined at a depth of approximately 11 ft below
the surface. Soil parameters, such as ky,, are very difficult to prediét with any degree of
certainty. The interaction of the loose sand in the predrilled hole with the surrounding
material certainly complicated the prediction. In recognition of this, a range of parameters
was considered. A range of stiffnesses versus depth are shown in Figs. 4.2b and 4.3b for the

‘Boone River and the Maple River sites, respectively. At Boone River, the sand in the
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predrilled hole and the surrounding in-situ seil was assumed to be bounded by loose sand and

_ medium'—lt‘mse sand. {The stiffness for medium-loose sand is the average of the stiffnesses for
medium and loose sand in Table 4.2.) Below the predrilled hole, the in-situ soil was estimated

" to be between medium and dense sand. (The medium-dense stiffness is the average of the

- medium and deﬂse sand in Table 4.2.) . At the Maple River site, the sand in the prédrilled hole
acting with the surrounding soil was assumed to be bounded by loose sand and medium-loose

sand. The in-situ soil below the predrilled hole was estimated to be stiff clay. _

4.3. Pile Idealization

For purposes of analyses, a pile can be idealized as an équivalent cantilever [11.

Figure 4.4 illustrates the equiva‘lentr cantilevered system and the actual pile system. The
length, £y, is the length from the pile head to the soil surface. The length, £, in the actual
system is the total length of the embedded pile below the soil surface. The equivalent length,
€, is the leng‘th of pile from the soil surface to the assumed fixed base of the equivalent system,
The total length, L,, of the equivaleht system is the sum of the Igngth of pile above the surface,
€., and the equivalent length, €,. The displacement, A (shown in Fig. 4.4), is the dis;ﬁacement
of the abutment caused by thermal expansion and contraction of the superstructure.

To determine the equivalent lehgth of a pile belou; the soil éurface, a critical length
parameter, £, was first defined. For a pile embedded in soil, the critical length was the depth
below which displacements and bending moments at the pile head have little effect. Piles
longer than €, act as inﬁditely long piles. The critical length parameter for a uniform initial
lateral stiffness, ky, is[1]

PR 4.1
p s H ‘ @
¢ kk .

where E is the modulus of elasticity and 1is the moment of inertia of the pile. For a‘pile ina
nonuxiiform soil, an effective lateral st;iﬁ'nesé, kg, is detez;mined.' In Appendix C, a method is
presented to calculate k,. -

'Figure C.1 (Appendix C) shows three plots for determining the equivalent length, €,, for
fixed-head piles based on three different equivalehcies: (1) the horizontal stiffness of the
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Fig. 4.4. Pile idealization as equivalent cantilever.
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Table 4.3. Range of equivalent cantilevered lengths (in.).

‘Equivalent- Lengths Boﬁne River - ~ MapleRiver
Lyy - . 107 to 94 106 to 94
Lugy | 11510100 o 1141098
Lpy . 155t0148 ' ~ 186t0187
Ly . ) 132t0116 133t 115
© Lyx C142t0125 . | - i 144t0122
Le: C 1T7te185 - | 203 to 187

soil-pile system, €qp, (2) the maximum moment in the pile, £¢m, and (3) the elastic buékling
load of the pile, £gp. (Equivalent cantilevered lengths for pinné'd head piles are givenin[1)).

- Only Ly, the fot.al equivélent length for herizontal stiffness, and Ly, the equivalent -
cantilevered length for the mement, are used in this chapter. The length, Lg, is the total
equivalent cantilevered length for elastic buckling. An example in Appendix C illustrates the
procedure for determining the equivalent cantiievéred lengths for the Boone River site.

Since the moment of inertia, I, is different about the x énd y axes, there will be different
equivalent lengths for strong and weak axes bending. (Note that the piles at both bridges are

“oriented to bend primarily about their weak axis as thermal movements occur. Strong axis
bending corresponds't_o lateral bridge movement; see Fig, 2.4.) Table 43 lists the equivalent
cantilevered lengths, Ly, Ly, and Lig, fof both the Strdng and weak axesE corresponding to the
hounding soil sﬁiffnesses shown in Figs, 4.2b and 4.3b. {The longer equivalent length is
ﬁssociated with the lower bounding stiffness).

4.4, Pile Strains due to Longitudinal Mevement

4.4.1. Individual Pile Model

The displacements associated with the longitudinal thermal expansion and contraction
of a bridge produced first-order elastic moments about the weak a_xis, y. Consider a fixed-head
equivalent pile (Fig. 4.4) with a lateral displacement, Ay. Then the horizontal force, Hy, and

the maximum moment, My (which occur at the top of the pile) are



C12ET A -
Yy .L3 .
. Hy
6EI A
M = y ¥ (4.3)
The weak axes i;ioinent at the location of the strain ga'gesris
M_=M-Hd, R )
& y yE

where d; was the depth from the pile head to the gage locations within the excavated area. ‘
(See Figs. 2.9, 4.2, and 4.3),
The normal stress, oy, at a distance ¢ (Fig. 2.9) from the neutral axis is
M o°

g =

-~ (4.5)
y. I .
¥

The strain can be rélated to the stress by-. Hooke's Law, ¢ equals o/E. Combining Eqs. (4.2)

through (4.5) with Hooke’s Law gives the strain gy at a distance ¢ from the neutral axis as

"12d |
. ;Ac(mi,.._ _....%) (4.6)
h ¥ L2 . L3
My Hy

The displacement, Ay, will be taken as one-half the total measured longitudinal elongation of
the bridge, Ay, (in Ch. 2).

A = 4.7

a
Y2

This, of course, assumes the thermal expansion is symmetrical.
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Figures 4.5 and 4.6 show i;he v{veak axis pile strains, ey, caleulated by Eq. (4.6). The
surroﬁnding soil was assumed to be loose s_and {Figs. 4,._25 and 4.3b) for bo_tb plots. The resulis
from Eq. (4.6) showed the same trends as the experimental strains presented in Ch. 2
(Figs. 2.14 and 2.15, the Boone River and Maple River Bridges, respectively), but the computed

strains were g‘iightly’ larger than the experimentally measured strains, Figures 4.7 and 4.8 for
~the Boone River and Méple Rivér bridges, respectively, show the range of weak axis strains
élsiEsociatéd wit.h two different, equivalent cantilevered lengths, one for each of therboundin‘g kn
_ curves in Fzgs 4 2b and 4.3b, respect;weiy The ranges in the correspondmg experimental
strains are also shown in those two figures.

4.4.2. Longitudinal Frame Model

Aswe &eveloped Eq. (4,6), the pile head was assﬁmed to be fixed against rotations
(Fig. 4.9a) since the abutment and beams are much stiffer than the piles. Figure 4.9b shows
the actual motion of the abutment, which includes an abutr_nent rotation. The simplified
frame model developed in Ch. 3 (Fig. 3.5) was used to verify that the rotations of the abutment
were imfmrtant in determining pile strains. However, abutment rotations were not impertant
\v.;hen determining bridge displacements.

‘The equivalent cantilevered length, Ly, used in the frame model {(Sec. 3.3), was based
upon a rigidly fixed pile head. The bending stiffness of the piles was much less than that of the
girders and deck so that a fixed-head assumption was more appropriate here than a pinned
head. The development of equivalent cantilevered lengths for elastically restrained pile heads
was not deemed necessary. .

Specified longif.udinai displacements, namély one-half the measured displacement
range shown in Fig. 2.13 and 2.14, were apphed to the frame model at the symmetry plane (the
center of the brldge) .

| ’I‘he weak axis strains resulting from the longitudinal frame analysis are shown in
Figs. 4.7and 4.8 for the Boone River and Maple River bridges, respectively. By accounting for
the rotations at the pile- abutment connection, the strains were reduced. 'I‘he' strains compared

well wrth the experlmental strams the experzmental values were bounded by the two soil
1deahzatmns
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(a) FIXED HEAD (b} ACTUALSYSTEM

Fig. 4.9, Abutment-pile movement: (a) fixed head, (b) actual system with abutment
rotation, ‘ '
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45 Pile Strainé due to Lateral Movement

The experimental strains for strong axis bending, e, (shown in Figs. 2.17 and 2.18),
indicate some lateral motion of the bridges as longitudinal thermal expansion and contraction
occurred, The lateral digplacements associated with lateral temperature expansion were

small and were neglected. A lateral frame model was developed to predict these strains.

4.5.1. Soﬂ i’ressure

For the symmetrical skewed bridges to displace laterally, a lateral force is required.
The passive soil behind and in front of the skewed abutment creates such a force (Fig. 4.10). _
The maximum passive force, Py, which can be developed normal to the face of the abutment
(28lis |

1 (4.8)

P ==~yH'KB
n P

o

where y is the unit weight of the material surrounding the abutment, H and B are the height
and skewed width of the abutment, respectively, and K pis & coefficient of passive earth

pressure

o~
!2;
8w
et

K = 1+ s¢:n &
_ P 1 ~sind
where q» is the internal friction angle of the soil. (Refer to Table 4.2 for typical values of y and
$.) As the skewed bridge expands, a frictional force, Py, will develop tangent to the soil-
abutment interface (Fig. 4.9). The frictional force is limited to p P, where p is the coefficient of
friction between the soil and the abutment. A typical value for pis 0.4 [28]. The lateral soil

force normal to the longitudinal bridge axis, Py, corresponding to full passive pressure is

P_=P_(sin — pcosp) (4.10)

where B is the skew angle as shown in Fig. 4.10.

Spangler and Handy [28], Das [29], Terizaghi {30}, and Clough and Duncan [31] pointed

out that large abutment movements are required to develop the full passive pressure,



50

/

Fig. 4.10.  Passive soil forces on skewed abutment.
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Figure 4.11 [31]shows & curve relaﬁng the passive pressure to the wall movement for a
particular retaining wall. All these authors state that there is much uncertainty in predicting
passive pressures. According to Fig. 4.11, the passive pressui‘e at the bridge sites could be any
value between the full passive pressure, Pn; and the full active pressure. Bridge movement,
soil moisture conditions, and time will all have an effect. For example, as the bridge expands
and contracts, void spaces may be created between the soil and the abutment, which may affect
the passive earth pressures. As with many soil pi‘obiems, a reliable value is not available from
elementary soil mechanics.

Using Eq. (4.8), we find the maximum passive forces are 800 kips and 560 kips at the
Boone River and Maple River bridges, respectively. These values were obtained with a unit
weight, y, assumed to be 120 1b/ft3 and a coefficient of passive earth pressure, K, of 369
(friction angle of 35°). The abutments were 8 and 8.5 ft in height at the Boone River and Maple
River bridges, respectively; the abutment widths, B, were 56.6 and 34.6 ft, respectively. The
skew angles, B, were 45° and 30° at the Boone River and Maple River bridges, respectively.

The displacements required to develop these large maximum passive pressures are probably in
the range of 2.5 to 3 in. (Fig. 4.11). The maximum experimental displacement ranges of 2 and
2 1/2in. for the two bridges indicated that the maximum passive pressures were probably not

reached, especially at the Boone River Bridge.

4.5.2. Lateral Frame Model

A lateral frame model was developed to predict both the sirong axis pile strains, g5, and
the lateral displacement of the skewed bridges. Figure 4.12 shows the two-dimensional model
used for the frame'analysis of the Maple River Bridge. Equivalent cantilevers were used to
approximate the lateral pile behavior, as in the longitudinal frame model (Sec. 3.3), except
strong axis properties were used (i.e., Lyx from Table 4.3). The base of the equivalent
cantilevers were fixed against lateral motion and rotation. Axial springs were inserted at the
bottom of the equivalent cantilevers to approximate the axial shortening and slippage of the
pile below L. The stiffness of the springs was assumed to be one-half the axial stiffness of
the piles. In general, the stiffness depends on the surrounding soil-for example, the point
springs, kg, and vertical springs, ky, given in Ref. [1]. The piles in the Maple River Bridge are
battered at a slope of 3:1 (Fig. 2.4). |

The lateral force, Py, corresponding to full passive pressure (Eg. 4.11) was applied to the
bridges (340 kips for the Boone River Bridge and 86 kips for the Maple River Bridge).
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The strong axes strains, ey, from the frame anal ysié corresponding to full passive

_pressure are 1300 1 in.fin. at the Boone River Bridge and 407 pin./in. at the Maple River
Brxdge Obvious! ¥, the Boone River Bndge did not develop full passive pressure since
experxmenta] strains were of the order of 200 pinfin. (Fig. 2.17). However at the Maple River
Bridge, the predlcted ex strams due to the full pagsive pressure were only slightly larger than
those measured (350 pin. Im )in Ch. 2 (Fig. 2.18). Note that the Boone River Bridge, which is
concrete did not expand as much as the steei Maple River Bndge -With reference to Fig. 4.11,
one would expect the passwe pressures of the Boone River Brldge to be significantly smaller
than at the Maple River Bridge.

4.6. Recommendations ‘

The individual pile model gives conservativé values of the weak axis pile strains, e,. A |
longitudinal frame analysis is recommended for these pile strain predictions. Sirong axis pile
straing, gy, due to the lateral movement of skew bridges can be significant and should be
analyzed-for example, by the lateral frame model. The magnitude of the passive soil pressure
on the abutment is uncertain. For purposes of design, one should assume full passive
pressures unless a smaller value can be justified by rational methods even though this is very
conservative for one of the bridges.

Careful consideration should be given to the soil properties. Soil properties at bridge
sites shoﬁld be quantified with standard penetration tests or other in—sitﬁ measufement

devices. Bounding techniques illustrated in this chapter may be useful design tools.



55

6. DESIGN RECOMMENDATIONS AND EXAMPLE
5.1. Thermal Expan;“ion_ Range

For design purposes, the coefficient of thermal expansion for bridges should be
experimentally determined or predicted by some other meéns, such as Eq.(1.1). Inleuof
these recommendations, AASHTO (Sec. 1.4.2) values for the ccefﬁ‘cient'of thermal expansion
can be used. Thé recommended coefficients of thermal expansion for concrete for the Boone
River and Maple River bridges are 0.0000045 and 0.000005 in./in. °F) respectively.

The temperature ranges recommended for the design of bridges in Iowa are

Temperature Range
Conerete Deck 150°F
Conerete and Steel Girders - 140°F

Bridge longitudinal displacements can be predicted by the axial displacement model or

by a longitudinal frame model {Fig. 3.7).

5.2. AASHTO Case A: Capacity of a Pileasa Stiuctural Member [1]

5.2.1. Structural Analysis

The equivalent cantilevered idealization is sufficiently accurate for design purposes
(Appendix C). Stresses due to bending caused by the thermal movements can be predicted by
using a longitudinal frame model and a lateral frame model (Fig. 3.7 and Fig. 4.12). The
simpler but more conservative fixed-head model in Ch. 4 can be used in lieu of the longitudinal
frame model. Stresses due to lateral movement of skewed bridges should not be neglected.
Unless a smaller value can be justified by analysis, full passive soil pressure should be

assumed to act on the abutment.

5.2.2. Alternative One

Alternative One, which follows the AASHTO requirements, includes all the stresses
induced by the thermal expansion and eontraction of the bridge superstructure. Alternative

One has no duetility requirements and is recommended for piles with limited or unknown

ductility capacity.
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B5.2.3. Alternative Two

For Alternative Twao, the flexural stresses induced in the pile because of thermal
expansion are neglected. Alternative Two does account for the secondary moment effect (PA),
which for a fixed-head pile (Fig. 4.4), is[1}

o FA | (5.1)
2

Alternative Two assumes that some plastic redistribution of forces will occur during the

thermal movements, that is, a partial plastic hinge may oceur in the pile. The ductility

capacity of the pile must be sufficient to permit some inelastic rotation at the pile head.

Ductility requirements for fixed-head steel H piles are satisfied if the pile head translations,

Ay and Ay, are limited by {32]

A Ay (6.2
— =2 =1
A TA
ix iy
in which
A =4 (06+225C) (5.3)
A=A (0.6+225C) (5.4)
iy oy i
19 1 (b = ‘
c.mm-—m(—-—)v‘r" =1 ‘ (5.5)
i 6 30\ v
f
2
- FbeMx (5.6
ox 8KEd
2
= Faluy (5.7
oy ' 3Eb
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- where Fy,x and Fyy are the allowable bending stresses in the direction of the bending, d is the
section depth, byis the flange width, Fy is the steel yield stress, and tsis the flange thickness.
(Refer to Ref, [32] for pinned-head case.) '

In Alternative Two, limited straining beyond the yield poinf, is permitted. Equation
(5.2) limits inelastic rotations to about three times the elastic rotation [32]. For vﬁeak axis
bending of an HP shape with an idealized 'elastic«plastic material, flexural strains up to six
times yield can be expected at the flange tips. Fatigue at this strain level should notbe a
problem for the low nufnber of cycles associated with annual thermal movements §33).

Alternative Two is not recommended for piles with ‘1imi'ted or unknown ductility. The

ductility capacity of timber or concrete piles has not been addressed.

5.3. AASHTO Case B: Capacity of a Pile to Transfer L.oad to Ground

Frictional capacities of piles can be affected by thermal expansion and contraction,
Figure 5.1 {from Ref. [1]) shows the gap that may form between the soil and pile and reduce the
frictional length by £, [1]. Figure 5.2 is used to find €, for a prescribed ypax, the limiting
displacement below which the frictional capacity is unaffected. A suggested value of yp,4 is
2% of the pile diameter. .

The gap shown in Fig. 5.1 is assumed not to affect the bearing capacity at the pile tip.

8.4. AASHTO Case C: Capacity of the Ground to Support Load

Thermal displacements are assumed not to affect the capacity of the soil to support the
load.

5.5. Other Reeommendatio?s
Piles should be driven in oversized, predrilled holes and!ﬁriented such that bending
oceurs predominantly about the weak axis. These details help to increase the flexibility of the
piles. | *
The propertiés of the surrounding soil sheuld be investigated by soil berings and

standard penetration tests to determine the lateral soil stiffness as accurately as possible.
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Fig. 5.1, Gap between the pile and the soil caused by cyelic horizontal movement.
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Fig. 5.2, Frictional length reduction for a fixed-head pile in uniform soil.
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For skewed bridges, one should consider battering the piles in the lateral direction to
limit lateral motion, Means of atténuating the passive soil pressure behind the abutment
should be 1nvest1gaf;ed For example if the passive pressure can be reduced by one-half w1th

compresszble materials behmd the abutment the strong axis st.rams will be reduced.

5.6. Design Example

The design recommendations are illustrated in an example to check the adequacy of the
Mapie River Bridge abutment piles. The Maple River Bridgeisa three-span, four steel girder
structure approximately 320 ft long {refer to Sec. 2.2.1 and Figs. 2.5 to 2.7). The bridge has a

 skew of 30°. Eight HP 10%42 steel piles (Fy of 36 ksi) were plaéed 4t-11 in, apart. The piles
were driven into 12-{t-deep oversized, predrilled holes that were filled with lcose sand and
oriented with bending occurring primarily about the weak axis (Fig. 2.4). The piies, which are
' batteréd in the lateral direction at a slope of 3:1, are 55 ft long and .have a specified minimum

bearing load of 32 tons.

8.1, Structural Analysis

The AASHTO Standard Specifications for Highway Bridges [5] requires that
displacements or stresses caused by thermal expansion and contraction be considered in
design [5, Sec. 3.16]. Section 3.22 in the AASHTO specifications gives several load groups thas
include temperature effects. Only Load Group IV will be considéred in this design example.
The terms included in Group IV are dead load (D), live load (L), impact (1), and temperature

(T). A 25% increase in allowable stress is permitted by AASHTO for Load Group IV [5, Table
3.22 1A]

5.7.1. Struectural Model

The longitudinal frame model presented in Ch. 3 was used to predict the weak axis
bending st.ress fby, in the pile. The lateral frame model presented in Ch. 4 was used to predict
the strong axis bendmg stress, fy5, due to lateral motion. The equwalent cantilevered lengths

for plles in ioose sand {Table 4.3) were used.
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§.7.2. Vertical Loading

The determination of stresses for vertical loading (dead load, live 1oad and impact) were
not within the scope af this research project. For purposes of this example, suppose the axial

and bendmg stresses because of vertical load, f,v and fyyv, respectively, are

[y =42ksi (5.8)

fogy = 71 ksi ' | \ (5.9}

The strong ax:s bendmg stress, fbgv, will be neglected. In the usual situation, these stresses

would be calculabed as the brxdge was bemg demgned for vertical load.

§.7.3. Thermal Loading

Uniform temperatures of £ 75° F for the deck and +70° F for the girders were ‘use'd for
design. Full passive piessure was applied to the abutment at two-thirds of the way down in
the longitudinal frame model. The resulting longitudinal displacements, Ay, were calculated
to be 0.78 in. from the axial model (Eq. 3.5) and 0.73 in. from the longitudinal frame model.
The small difference between the two models was due to the small abutment rotation
(Fig. 4.9).

" The axial stress from the frame medel, fr, was 0.6 ksi. The weak axis bending stress
predicted by the longitudinal frame model (Fig. 8.7) was

fbyT =926.9 ksi : (5.10)

[The axial model (Eq. 4.6) predicted higher bending stresses (29.8 ksi) becaunse it neglected the
rotation of the abutment.]

The strong axis bending stress from the lateral frame model (Fig. 4.12) was
=1 ~ ' 11
fbx'.(‘ ;1.8 ksi | (.11}
Remember that this stress is conservative since it corresponds to the full passive pressure,

which probably was not reached (Ch. 4). The lateral displacement corresponding to full

passive pressure, Ay, was 0.30 in.
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- The total stresses for Load Group IV were

f, :'fav + faT": 4.8 ksi ' | (6.12)
fog=Toyw + lyp =340kt (5.13)
f, = f,p =118 bksi . 619

5.8. Comparison with AASHTQ Allowable Stresses
5.8.1. Case A

The capacity of the pile as a structural member (Case A) was checked using the
AASHTO Servxce Load Design interaction equatmns [5, Egs. (10-41) and (10-42)].

The allowable axial stress, Fy, is 19,5 ksi {5, Table 10,32.1A], with Ky equal to 0.65 5,
Table C-1], Ligy of 187 in. (Table 4.3), 1y _equal.t.o 2.41 in., and a 25% allowable stress increase
{5, Table 3.22.1A). The eorrespon&ing elastic buckling stress, F'ey, for weak axis bending, is
66.3 ksi[5, Eq. (10-43)], Whi(-:h‘ also includes a 25% increase. For strong axis bending, oy is
165.3 ksi [5, Eq. (10.43)], with K equal to 0.65, an Ly of 208 in. (Table 4.3), ry equal to
4.13in., and a 25% inerease.

- An HP 10x42 steel pileis nota compaét section with respect to the flanges. (The by/2tsof

12 is between 65/\/Fy and 95/\/Fy for Fy of 36 ksi.} For such a case, AISC [34] presents an
equation for the allowable stress with weak axis bending [34, Eq. {1.5-5b)]. Decreasing the
AISC allowable by the ratio 0.55/0.66 (the nominal AASHTO allowable to the nominal AISC
allowable) gives

F, =F [0896 - 0.0042(-~f~)\/ 7 ] (5.15)
b

or, for an HP 10x42 with thermal leading,

F&y = 36 ksil0.896 — 0.0042(12)V 36 ksi (1.25) = 26.7 ksi (5.16)



62

For strong axis bending, AISC [34, Eq. (I.Bﬂﬁa}j is also decreased by the ratio 0.55/0.66
to‘give

b

= ; ' Y
F, =F, 0658 - 0.0017 ( o )\/Fy ] (5.17)
f
which, for an HP 10x42, gives
F, =36 ksi[0.658 — 0.0017(12)V 36 I(1.25) = 24.1 ksi : (5.18)

Alternative One

It was apparent that Alternative One would not be satisfied since the applied bending
stress, fl,y, of 34.0 ksi is greater than the allowable bending stress of 26.7 ksi. (This adds
evidence to the observation in Sec. 2.3.5 that yielding probably occurred during the
experimentﬁl data collection.) However, the stability and yield equations will be illustrated

for compieténess. The stability equation is [5, Eq, (10-41)]

f C C
— 4 el b + my 1.0 (5.19)
F, [1 fa l . l fa ]
- 1——=1F
F I & by
ex ey
and the yield equation is [5, Eq. (10-42)]
f, fo. f '
0.4 c‘21? * ?‘ﬁ * ‘}gy__ =10 (620
41 y Th by

The quantities Cy,y and Cmy equal 0.85 [34, Sec. 1.6;1] since both ends of the pile were
restrained and transverse loads (soil pressures) existed, Substituting the appropriate values

into these equations gives
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4.8ksi 0.85(11.8ks)) 0.85 (34.0 ksi) -

e - . . - = 1.84 >1.
19.5 ksi [1 4.8 ksi ](24”3) [1 4.8 ksi ](267“ B4>10 - a2y
165.3 ksi SO EEPTEY™ S hatahia
and
4.8 ksi  118hksi 84.0ksi . _ (5.22)

+ + =1.99>1.0
- 0.472(36ks)1.26 241 ksi © 26.7 ksi '

As expected, the design would be inadequate if Approach One were used.

Alternative Two
With an axial pile load of 59.5 kips [4.8 ksi, Eq. (5.3.2_)], a Ay of 0.73 in. (Sec. 3.3),anda

Ay of 0.30in. (Sec. 5.7.3), the secondary bending stresses due to thermal movement by Eq. (5.1}
are

659.5 kips(0.73 in.)

= = 1.5 ksi 5.23
T aa42ind ~ 6.2

and

59.5 kips(0.30 in. )

f 0.2 ksi ' 5.24
b7 " 2(43.4in%) 6.24)

Checking the stability equation, including the vertical load stresses (Eq. 5.8 and 5.9}, gives

48ksi 0.85(02ks) - 0.85 (7.1 + 1.5) ksi 055 <10
19.5 ksi [  48ksi ](241k ) [1 4.8 ksi ](26” . v 5.2
T683ksi) 66.3 ksi *
and the yield equation
4.8 ksi 0.2ksi (1.1 + 1.5)ksi

+ =0.56 <1.0 |
0.472(36 heD 1.25 « 241 ksi | 26.7 ksi (5.26)
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The design thus satisﬁes the stress criteria of Alternative Two.

~ The inelastic rotatio;ial' capacity reduction factor, Ci(Eq.5.5),is |

c-19 1 (12)V 36.0ksi =0.77<1.0 |
C=%5 " . s.',f AT <1 {5.27)

and the lateral displacements, A,y and Ay, are

26.7 ksi (114 in.) - | - :
A =—r — = (.40 in. (5.28)
"oy T 3(29000 ks) (10.075 in) .
and
24.1 ksi (144 in)? . ’
sadiny 0.59 in. (5.29)

ox ~ 3(29000 ks?) (9.70 in.)

The unidirectional allowable displaeeménts (Eq. 5.3 and §.4) are

Aiy = 0.40in.[0.6 +2.25(0.77)] = 0.93 in. (5.30)

4, =059in.10.6 + 2.25(0.77)1 = 1.38 in. (5.31)

Substituting into the biaxial duetility criterion (Eq. 5.2) gives

0.73in. 0.30in.

(6.32)
+
0.93in.  1.37in.

=1.004=1.0

Therefore, the ductility criterion was satisfied and the design satisfies the requirements of

Alternative Two.
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5.8.2, CaseB

CaseB (caﬁacity of the pile to transfer load to ground) is checked by verifying that the
frictional capacity of t}w pile is adequate if the leng{;h, £y, is deducted (Fig. 5.2). The length,
£,,1s controlled by y axis bending in this case. If the sand in the predrilled hole is considered,
£u/€; equals zero. With yn,/Ay equal to 0.2 in./0.73 in. or 0.275, Fig. 5.2 gives an €, of 0.5 €.
Wit;h €.y equal to 13.6 ft, £, becomes 6.8 ft. This implied that yyay occurred witi:in the sand of
the predrilled hole. Most likely, the entire 12 ft of loose sand in the predrilled hole was
néglected in the pile design. Hence, no additional deduction for lateral movement is necessary
and Case B is satisfied;

5.8.3. CaseC

Thermal displacements weré assumed not to affect Case C (capacity of ground to
support the load).

5.8.4. Design Adequacy

Since the pile met all criteria of Alternaﬁve Two, the pile design waé deemed
satisfactory for the Maple River Bmdge The bridge could be no longer since the ductility
eriteria (Fq. 5.32) was just satisfied, [The stabilit quations (5.258)and (5,26)done
control.] Because ofa reduced coefficient of thermal expansion, concrete bridges could be
lenger. If the passive pressure behind the abutment could ;ationally be reduced for design

purposes, a longer steel bridge could be permitted.
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6. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR FURTHER
. WORK

6.1. Summary

The 0bjec£ivé of this reéeérch was to verify a design procedure for piles in integral
abutméht'bridées with eiperi;nentai;data from two bridges. Thus, refined design
recommendations are made, based on the results of this work.

The field teéfs (Ch; 2) consisted of ipstrumenting two skewed bridges in lowa. The
. experimental data co:néisted of air temperatures, bridge f:emperature‘s, bridge displacements,

and pile strains. In addition, concrete core samplés were collected from the bridges and
laboratory measureﬁents of the coefficient of thermal e‘kpansiqn were made. Measured
coefficients of thermal expansion were significantly below AASHTO values.

An axial displacement model (Ch. 3) was developed to p;edict th{_a longitudinal thermal
movements of the two bridges. The bridges were subdivided into segments, each with uniforsm
temperature, coefficient of thermal expanéion, and modulus of eiastiéity. A léﬁgitudinﬁ}
frame model that included abutment rotations was also used to determine the longitudinal
therma) displacements. The temperature ranges recommended for the deck and gir&ers differ
from the AASHTO values, especially for concrete bridges. .

An equivalent cantilevered model (Ch. 4) was used to predict the strains in the piles.
When the pile head was assumed to be fixed, the model was conservative when compared to
the meas_u're'd strains. The longitudinal frame model in Ch. 3, which permitted abutment
rotations, gave better predictions of weak axis strains. The lateral frame model in Ch. 4 was
used to predict the strong axis straing as well as the lateral movements. Fuil passive soil
pressures were assumed. | ‘ _

.Désign recornmendations for temperature ranges and coefficients of thermal expansion
are sumnﬁ&rized in Ch. 5. Two alternati ve‘ approaches, which depend upon the ductility

capacity of tﬁe'pile, are recommended for designing piles as structural members.
Recomrﬁendafions on pile crientation, predrilled holes, and skewed bridges are also given.

Chapter 5 concludes with a design e.xample;
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6.2, Conclusion

The recommendations, which are summarized in Ch. 5, shogld be followed for the design
of pilesin in,tegrall abutment bridges. _ '

The coéffiéients of thermal expansion of concrete, the bridge temperature range, and the
effects of the passive earth pressures are iﬁ;pértant parameters that aﬁ‘éct. the maximum safe

length of integral abutment bridges.

8.3. Recommendations for Further Work

Other si_;udiés that were not addreséed in this report but may deserve furtﬁer .
consideration include: - |
(1) Lateral displacements of skew bridges.
(2) Theductility of timber and concrete piles.
{3) “The éﬁ‘ects of longitudinal disp‘lacefnents on the approach slab and backfill
material, c

(4) The passive and active soil pressures both behind andin front of the abutment,
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APPENDIX A: FIELD TESTS AND DATA REDUCTION
A.l1. Development
A.l.1. Site Description

Chapter 2, Section 2.2 describes the locations of the two experimental sii.;es.- Soil borings
were taken at each site. Figures 2.1 and 2.5 (Boone River and Maple River bridges,
respectwely) show the locations of the bormgs The soil bormg iogs near the abutments are

shown in Figs. AlandA.2 (Boone szer and Maple Rlver sites).

A.1.2. Instrumentation

L3

Linear variable differential trarisformers (LVDTs) were used to monitor the hridge
displacements. The displacement was calculated within the Micrologger 21X by first _
measuring two voltage measurements-one of normal poiarity and the other reversed 'poiarity.
The two values were subtracted and the dxfference was used to calculate the dlsplacement
Each LVDT was calibrated in the laboratory to determine the multiplier.

The thermocouples consisted of two types of wire leads: copper and constantan, The two
leads were soldered together at the loéation where the temperature was te be measured. At
the Micrologger 21X, the copper lead was connected to the high input of the differential
- channel and the constantan lead was connected to the low input. The Micrologger 21X
measured the differential voltage across the two leads. The measurement was then converted
to degrees Fahrenheit. _

Two piles were instrumented with four electrical-resistance strain gages to monitor
strains just below the abutment.' The gages were 120-ohm resistor. The strain gages were
placed on the outside faces of the flanges and located 1 3/4 in. in from the flange tips. The
strain gages were bonded to the pile using AEIO/IG epoxy, which has good duectility
charaderistics over the range of temﬁer#{u;es encountered in the field. Various protective
measures were taken to seal the gages from the environment. A foil covering was placed over
the gages to reduce electrical interference. Two rubber compound cdatings were placed over
the gages, The first coating wasa pblysulfide liquid polymer eompound, purchased from
Measurements Group, Inc., and the second coating, a silicon-based metal sealer purchased

from a local hardware store. Both were used to protect the entire installation from moisture

contamination.
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~ Completion cards were purchased frmﬁ Campbell Scientiﬁc, Ing,, to make the full
bridge. The completion cards consisted of three precisi?;n resistors-a 120fohm and two 1K ochm
resistors—each having a 0.01% resistance tolet&nce and ﬁ 5ppm temperature coefficient.
Strains were measured by appiymg an excxtatlon voltage to the full bridge and
recording the differential voltage as the bridge output. The resultmg value was converted to

strain.

A.1.3. Micrologger 21X Program

The programs were written mtﬂ the chrclﬁgger 21X following the mstructlons givenin
the Campbell Scientifie, Inc. Operator s Manu.al

A.2. Data Reduction
A.2.1. General

Micrologger readings were recorded every 10 min and stored temporarily. An average
was taken of the six lﬂ;min readings evéry hour. The Micrologger 21X stored the
experifnental hourly average into final memory locations until a transfer was made from the
21X memory to cassette tapes, About every two weeks the data were downloaded to cassette
tapes. AtJowa State University the data wére uploaded to fleppy disks and microcomputers
were used to separate the LVDT and thermocouple data from the strain data. The data were
then uploaded to a mainframe computer (fowa State University VAX) for a more efficient
means of data reduction. The LVDT data were converted to measured displacements using
Eq.{2.1)in Ch. 2. ‘

A.2.2. Strain Reduction

Strains were measured at four points at one vertical location on the pile near the
abutment-pile connection (Fig. 2.9). 'i‘he total strains were separat‘.ed into four components:
axial strain (g,), strain due to bendmg about the x (e) and y (ey) axes, and strain due to
torsional bending (¢y). The four mmultaneous equations, which state that the total strain at

each gage location, g, is the algebraic sum of the four strain components are
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(=8 +e +e +e ‘ ‘ o (A1)
a x y t

=t Ye —e - - (A.2)
.a x y. ¢ : 7 . )

g, =g —e Ze e (A.3)
‘ a x Y L .
e, ~¢ —g +e —g (A.4)

4 a x y 1

With g; gwen hy the recorded data, the four equatmns were solved sunul taneously for ea, ax, gy,

and g, ’l‘he solution for the strams, ey and £z, is

g, —e —g, +e ’
e =42 94 1 (A.5)
g = _ (A.6)

Asstated in Ch. 2, the £, and e, were small and neglected.

At the Maple River Bridge, gage 2 was not active and Eq. (A.2) is not usable. By
neglecting the torsional strain in Eqs. (A.1), (A.3), and (A.4), one finds

-8, t &
P T - (A
y 2

-, + & .
g = e ‘ (A.8)
x 2 _

Equations (A.5) through {AB) were used in Ch 2to caieulate the experimental strains shown
inFigs. 2.16 through?. 18. o
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APPENDIX B: EFFECTIVE COEFFICIENT OF
THERMAL EXPANSION

B.1. Development

B.1.1. Test Samples

Three concrete cofee were colleeted from the abutmezits at each of the two Bridge sites
for laboratory testing. The cores, of apprommat;ely 4 in. diameter, vaned from 10 te 13 in.
after trimming, Stainless steel etuds were placed in the ends ef the cores to hold the core in
place while test;mg _ ‘ e

Before testing, the cores were sub,;ected to three dﬁferent mo:sture conditions. One core
was placed in an oven (fully dry}, another core was placed m a water bath (100% safurated},

and the third core was left asan au‘-drled sample

B.1.2. Testing System

Tests were conducted inan enwrenmenbal chamber (see Fig. B 1), which was capable of
controlling the temperature and melsture condition of each sample while momtormg the
change in length and internal temperature of the core sample. The chamber conslsted ofal3-
in.-long piece of steel pipe with an inside diameter of §in, Ineelation, consisting of 2-in.-thick
styrofoam, was placed aroend the outside of the steel pipe to help control the temperature and
humidity of the cores during testing. End caps were also used to'seal the chamber.

The exteneometer censisl;ed of two boron nitride rods and an LVDT located at the top of
the chamber (see: Flg B.1). The boron nitride rods were used because the coefficient of
' expansion for the boron nitride rod is very small (0.0000002 in./in./F).

To control the temperature ms1de the chamber, methanol was circulated through copper
tubing coiled around the core samples (Fig. B. 1). To monitor the temperatures two
thermocouple wu'es (copper- cunstantan type) were used. One wire was placed inside a 3/16-
in, -dlameter hole drilled into the side of the core and filled with insulation. The other wire was

placed on the extermr surface of the core.
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B.2. Test Prbizedures

For testing, each core was subjected to two temperature cycles, heating from 6.8°F to
140° F and cooling from 140° Ft0 6. 8°F. '

The coefficient of thermal expansion was determined by

AL S
ATL . v - (B.1)

a =
[+

in which L, represents the original length of the core, AL is the change in length, and AT is the
corresponding change in temperature. Figures B.2 and B.3 show the coefficient of thermal
expansion versus time for the heating and cooling cycles, respectively, for the Boone River
Bridge cores. Figures B.4and B.5 show the coefficient of expansion for the heating and cooling
cycles, reSpectivéI y, for thé Maple Rive'r Bridge cores, ".I-‘he stabilized values presented in

Table 2.1 are cbtained from the horizontal portion of these curves.
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Fig. B.2 (upper). Coefficient of expansidn: Boone River Bridge, heating cycle.

[ L9 ) -

0o

Fig. B.3 (lower). Coefficient of expansion: Maple River Bridge, heating cycle.
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Fig. B.4 (upper). Coefficient of expansion: Boone River Bridge, cooling c_ycie.

N..._

Fig. B. 5 (lower), Coefficient of expansion: Maple River Bridge, cooling cyele.
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~ APPENDIX C: EQUIVALENT CANTILEVERED LE_NGTH
C.1. Fixed-Head-"P'ile with Constant k;,

For plles in a soil strata with a constant ky, Eq (4.1) is used to find the critical length
parameter, fc, dlrechly From Flg C.1 {adapted from Ref, {11}, the length of pile above the soil
surface, £, and the critical Iength parameter are used to find an equivalent embedded lengih,
{e, of the equivalent cantilever. Figure C.1 is a nondimensional plot for fixed-head piles
embedded in uniform soils. To use these plots, one enters the horizontal axis with the ratio of
£, to €, and obtains tﬁe ratio of the equivalent embedded length* e to £, from the vertical axis.
As expiamed in Sec. 4 4, lengths are given for three cantilevéred equwalencles horizontal
stiffness (H), maximum moment (M), and elastic pile buckling (B). The total equivalent
cantilevered lengths, Ly, Ly, and Lig, are determined by adding the equivalent embedded

| .lengths, Lon, Lom, and €y, Tespectively, to the length of ﬁilé above the ground, £,.

C.2. Fixed-Head Pile with Varying ky,

To determine the equivalent cantilevered tengths of f)ii_es embedded in soils for which ky,
varies with depth, an effective soil stiffness, ke, should be determined. The procedure to
determine the effective soil stiffness is repeated from Ref. {11.

Step 1. Guessk,.

Step 2. Caleulate £, = 2 VEl/k, .

Step 3. Calculate Iy = second moment of the ky, vs. depth plot about the

baseline at £, (Fig. C.2).
Step 4. Determine a new ke = 3(I,)/€°
Step 5. Return to Step 2 until convergence.
_ After determining an effective soil stiffness, Eq. (4.1) is used to obtain the critical length
parameter., £.. The pfocedure to determine the equivalent cantiievéred lengths, Ly, Ly, and

Lp, is the same as for a pile embedded in a uniform soil.

C.3. Example

‘An example is presented here to demonstrate the method of determining the equivalent

 soil stiffness and equivalent cantilevered lengths, Lyy, LM;,, and Lpy, for weak axisbending of
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Fig. C.1. Equivalent cantilevers for fixed-head piles embedded in uniform soil.
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Fig. C.2. Seecond moment of area about line A-A.
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the piles at the Boone River Brldge F1gures 4.2a and 4 2b show the abutment—pﬂe Cross.
section and the stxﬁ‘ness kp, versus depth. Only the distribution illustrated in Fig. C.3 will be
used in this example. The soi} idealization for the predrilled hole region is certainly
subjective. The 'iengtﬁ £, equals 3 ft, Iy ‘é'c;ualsx'ﬁﬁ.? in.4, and E equals 29,000,000 psi (Ely
= 14440 k-ft2). S |
Step 1. Guessk, = 100 ksf.
~ Step 2. Calculate

e—é 14440
o "% 100

=6.93f

Step 3. £3 = 0.931t, sofrom Fig: C.2 the second moment of the area
about €, is

I —onf[(ﬁ)a 6ﬂ(093ft 2(2ﬂ))]

3 2
ersoir] S 8 pgsp 8LV

0.93 fA)° . ) 2
ason| QB 0330 (,  zosam)

2 3

093m° 0. , 2
( ft)+093ﬁ(0+.(093ﬂ))]

-
FATBR | 55 2 3

=11639k—f

Step 4. Determme ke = 3(11639 k-f£)/(6.93 ft)3 = 105 ksf
Second iteration:
Step2. £, = 6.85f%
Step3. £ = 0851t
I = 11232 k-ft
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Fig. C.3. Lateral soil stiffness, ky,, for determining k, at the Boone River Bridge.
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Step 4. kg = 105 ksf = 105 ksf
Step 5. The éonverged solution isk, = 105 ksf
Using this .sdi} stiffness for ky in Eq (4.1), the critical length parameter is

e
£ "‘401444‘0“'137‘
ey Y1 =13.7#

105

(C.1)

The e@uivalent embedded lengths are found from Fig. C.1 with £/; equal to 3 ft/13.7 ft or
0.22. o |

R 0,43 t =04303.7M=69# o ©
£, =048¢ =04813.7 ﬂ) =668 (C3)
€, =092¢ =092013.7f)=12.6f. e €4

eby

The total, equivalent cantilevered lengths are

Ly, =59f+3f=89f (C.5)
Ly =66R+3ft=96f (C.6)
Ly, =128t +3ft=1561 ©.7

Fable 4.3 lists the total, equivalent cantiieyered lengths for the bounding soil conditions -
shown in Figs, 4.2b and 4.3b. ‘ |

As a limiting case, the loose sand in the pkedril_ied hole can be completely neglected.
The effective soil stiffness for the sand below the level of the predrilled hole is 484 ksf. The
critical length parameter, €y, i8 9.4 ft. The £, distance is the depth of the predrilled hole (9 ft).
Fr'o_m Fig. C.1, :\#ith /ey équai to 9 ft/9.4 ft or 0.96, the equivalent embedded lengths are
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€y =04 f?:f =04©Q4M=88 - - . (C.8)
t’.emy =04 'ec»y =044 =38p : o (C.9)
€y, =042¢ = 0.42(94M) =39t (C.10)

" and total, equivalent cantilevered lengths for the case of no sand in the predrilled hole are

Ly =388 +9fi=128p (C.11)

Ly, =38f+9f=1288 ~ (C.12)
Ly, =39R+9 =129 (C13)

The total, equivalent cantilevered lengths for weak axis bending to be used in design
are the least of Egs. (C.4) 0 (C.6) and Egs. (C.10) to (C.12), or

Ly, = 8.9 fror107 in. BN (o5 VYN
Ly, =9.8ftor115in. (C.15)
Ly, =12.9 for155 in. (C.16)

For strong axis bending, Iy of 210 in.4 would replace I,.

Equivalent lengths are tabulated in Table 4.3.



