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SUMMARY

Purpose

The purpose of this investiydtion was to improve procedures for the -
design of large-scale, span-by-span, stage constructed, concrete box girder
bridges by investigating, for the Denny Creek Viaduct, the redistribution of
construction stresses through shrinkage, and the response of the completed
structure to live loads and the stresses caused by diurnal and lony-term

temperature variations,

scope
This investigation included (1) a review of archival literature; (2) a
review of strain and temperature data coilected by Construction Technology
Laboratories (CTL) and the Washington State Department of Transportation
(WSDOT) during the construction of the Denny Creek Viaduct: (3) the collection
of additional data includiny strain, temperature and ehvironmental data duriny
the period 1980-1982; (4) the collection of strain data during live lopad
tests; (5) interpretation of the significance of the lony-term strain data,
the live load data, and the environmental data; and (6) the development of
recommended procedures for predicting the stresses induced in box girder

bridges by temperature variations.

Methodologz

This investigation utilized Carlson strain gages installed by CTL during
construction of the bridge. The long-term deformation measurements, initiated
by CTL with those gages, were continued for two more years in this project.
Those gages were also used to monitor the response of the bridge to known
truck loads and daily temperature fluctuations., Continuous measurements were

made of air temperature and wind speed at the bridge site during periods when



the temperature and strains in the bridge were beingr recorded, Those
temperature and wind speed results were compared to data collected
concurrently at the Stampede Pass National Weather Station. Considerabie
effort was devoted to developing an automatic recording system for the Carlson
gayes and other sensors. However, that system failed to operate as planned
due to electrical noise problems, and strain gaye and temperature data were
therefore collected by manual techniques.

The significance of the long-term creep and shrinkage data, collected in
this study and in the CTL study, was evaluated by comparing observed strains
with those expected for the known construction history ot the bridge; and the
CTL report on their creep and shrinkage studies was reviewed in light of the
additional creep and shrinkage studies and temperature studies made in this
investigation. Heat flow analyses were made to determine the practicality of
predicting the measured temperature in the bridge from environmental data and
to establish the critical weather scenarios governing the temperature
gradients which should be used for design. Temperatures predicted by the heat
flow analyses were compared to the observed temperatures, Temperature
distributions obtained from the heat tlow analyses were used in conjunction
with procedures proposed by the CIL and Priestley Lo predict concrete strains
for a homogeneous uncracked analytical model of the bridge. The strains
predicted by those procedures were compared to the strains measured during

known temperature scenarios.

Findings

Creep and shrinkage deformations for the instrumented span of the bridye
had stabilized by about two years after completion of that span. The degree
of redistribution of stresses within the cross-section due to  those

deformations could be determined only in a qualitative and not a quantitative



sense. MWide differences were found between actual construction procedures and
schedules, and those assumed by CTL for their shrinkage and creep studies.
Further, 1in several instances, actual procedures could not be definitively
establisheq. Significant tensile strains were still found to exist 1in the
bridge 1in regions where analyses, that utilized the most likely construction
schedule and the measured modulus parameters, indicated that compression
strains should have developed as a result of creep and shrinkage effects. It

~1s concluded that the dnalyses customarily used to predict long-term stress
redistribution effects do not adequately account for the redistributions
occurring in a structure built by complex methods such as those used for the
Denny Creek Viaduct.

The live load tests showed that the span-by-span, stage constructed
Viaduct responded to applied loads in the same manner as a homogeneous unit,
The live load strains and deformations were in good aygreement with those
predicted wusiny conventional frame analysis and an uncracked and fully
effective cross-section. Under live loads, the deck slab performed weil at
its discontinuous, transverse edges in spite of the absence of an edge beam.
The barrier rail was effective in distributing, in the longitudinal direction,
wheel loads placed on the cantilever siab overhang.

Daily changes 1in ambient air temperature and solar radiation induced
stresses in the Viaduct as large as the stresses predicted for full live load.
Significant tensile stresses develop daily during periods of warm sunny
weather in Jate summer., Air temperature variations of the same magnitude as
those in summer occur during other times of the year, However, those -
variations are accompanied by lesser amounts of solar radiation and therefore
induce lesser tensile stresses than in summer,

Unidimensional heat flow analyses were effective for predicting the

maynitude and the variation in the temperatures induced in the bridge by known



‘weather conditions, Temperatures measured in the bridge ayreed reasonably
well with those predicted using the observed air temperatures, theoretical
solar radiation values for a clear sky adjusted for local topography, an
assumed wind speed of 40 mph, and a heat flow analysis based on the numerical
integration of the one-dimensional diffusion equation with convective boundary
conditions. The heavy traffic on the Viaduct necessitated the use of a wind
speed substantially higher than the calm conditions postulated in most
analyses. Thus, the temperature yradient appropriate for design is {ess than
that for calm conditions. The strains induced in the bridge due to its
observed temperature variations agreed reasonably well with those predicted

using Priestley's method for calculating temperature gradient effects, Those

effects must be applied to an ana]yticai model of the bridge that includes the

restraints provided by frame action,

Recommendations

It 1is concluded from this study of the Denny Creek Viaduct that the
following desiyn recommendations are appropriate for span-by-span, stage

constructed, concrete box girder bridges,

1. Creep and Shrinkage Redistribution of Construction Stresses
1.1. Analyses of the redistribution of construction stresses due to
creep and shrinkage effects are subject to iarge uncertainties
in the basic parameters that define those effects and are
dependent upon a construction schedule that can only be assumed
during the design stage. Any analysis must therefore be
interpreted with conservative engineering judgméht and should
inciude a variation of at least + 33% 1in the characteristic

values of the creep and shrinkage parameters. Testing of



1.2,

samples of the concrete to be used in the bridge will not reduce
the wuncertainties in creep and shrinkaye effects imposed by the

unknown construction schedule, Such testing is, however,
desirable to define the characteristic parameters about which
the basic variations should be taken,

The response of staye constructed cross-sections to applied live
ioads can be calculated similarly to cross-sections cast as a

homogeneous unit,

2. Thermal Stresses

2.1.

2.2.

2.3.

2.4,

Stresses caused by temperature yradients are significant only at
the service load leels, They do not alter the ultimate flexural
capacity of the bridge. However, those stresses can, if not
considered, induce flexural and diagonal tension cracking, and
reduce the durability and repeated load performance of the
bridge.

Temperature gradients develop in concrete bridges in response to
daily changes in ambient air temperature and solar radiation.
Highly simplified methods of analysis for temperature effects,
such as those wutitized in the CTL report, give a distorted
picture of the stresses at the interface between the portions of
the structure assumed to be at different temperatures.
Priestley's method of analysis is an appropriate procedure for
determining the response of a bridge to non-uniform temperature
distributions over its depth, The reduction 1in stresses
possible due to cracking should be considered, at least
qualitatively, when interpreting the results of Priestliey's

analysis,



2.9,

2.6.

Sufficient mild steel reinforcing should be provided to control
changes in steel stress, for both deformed bar and prestressing
steels, as a result of cracking of the concrete. Crack width
and  fatigue behavior will thereby be controiled. As a rule of
thumb, approximately 0.3 to 0.5 per cent steel will be required
to achieve this control, Additional prestressing steel is not
recommended fof control of temperature stresses calculated
according -to methods based on a homogeneous, eiastic section,

The temperature profiles recommended by Priestley are, in
general, appropriate for non-uniform temperature analyses,
HoweQer, the 1limiting values should be made site-specific
through consideration of the known lony-term air temperature
variations for the site, theoretical solar radiation values
adjusted for topography, and wind speed adjusted for tratfic and
site conditions, For the Denny Creek Viaduct site, a
temperature increase over the reference temperature of 40
degrees F (22 degrees C) is appropriate for extreme weather
events and 20 degres F (11 degrees () for weather events
combined with parﬁial live load, A temperature decrease from
the reference temperature of 15 degrees F (8 deyrees () is
appropriate for extreme weather events and 8 degrees F (4

degrees C) for weather events combined with partial live load.

3. Live Loads

3.1.

Design procedures for cantilever slabs should be adjusted to
include the beneficial distributing effect of the edge beam
inherent in the New Jersey barrier curb, Joints in the barrier

curb should be eliminated on iarye scale concrete bridges.



3.2.

3.3.

Hombérg's influence surface charts (2.1%), the "Ontario" method,
finite element plate analysis, or empirical distribution
factors, for the design of cantilever slabs, are all suitable if
appiied with good engineering judgment. Finite element plate
analysis is the only method which satisfactorily provides for
all possible wvariations in siab and edgye beam confiyuration.
Finite element analyses and the "Ontario" method are appropriate
for studying the influence of the free edge at expansion joints,
Conventional frame analysis, in which members are modeled as
line elements, will provide satisfactory results for the yiobal
response of stage constructed bridges to live loads. Good
engineering judgment is required to interpret results at
boundary points and in the vicinity of concentrated loads. More
elaborate analytical models should be used for detailed studies
of behavior in such reygions.

Longitudinal analysis should be performed on the basis of the
full‘ cross-section loaded with the total live load, and 1if
appropriate, the effects of torsional shear, and the additional
longitudinal moment that accompanies tbrsion, shouid be examined

by applying an eccentric live load,

4. Future Research

4.1.

4.2.

Temperature distributions in concrete box girder bridges and the
accompanying environmental conditions should be measured for a
wide variety of bridye sites,

The temperature distribytions that developed for fresh concrete
placed against hardened concrete should be measured for a

variety of field conditions.



4.3. Available weather recorded for representative weather stations

4.4,

should be analyzed and the statistical parameters characterizing
the critical differential temperature  event defined
probabilistically,

The load factors appropriate at service levels for combined {ive
load and differential temperature effects should be estabtished
through a probabilistic analysis that insures a level of risk
compatible with that for the combinations used for design,

Any research program involving substantial instrumentation under
field conditions should be two-phased. The first phase should
be a detailed planning and development study for the
instrumentation. That phase should be completed prior to any
hardware commitment or commitment to the subsequent utilization
phase. That planning phase should be funded separately trom the

hardware acquisition and utilization phase,



1. INTRODUCTION

l.1. Description of the Structure

The Denny Creek Viaduct is located approximately two miles west of the
summit of Snoqualmie Pass on Interstate 90, which is the main east-west route
in Washington State across the Cascade Mountains. The location of the viaduct
is shown in Figure 1.1 and its form in Figure 1.2, The structure's site is on
the west slope of the Cascades at an elevation of approximately 2600 feet
above sea level. The 20-span, 3620-feet long viaduct traverses a steep,
forested, south-facing slope crossing a deep ravine and an avalanche path. A
plan and elevation of the structure are shown in Figure 1.3. The typical span
length is 188 feet and the height above the ground level varies from 40 feet
to 160 feet. The viaduct cross-section is shown in Figure 1.4. It is a
single cell concrete box girder of 9-foot depth, which carries a 52-foot wide
roadway. The roadway slab varies in thickness from 10 inches to 21 inches and
cantilevers 14 feet 6 inches from the exterior face of the web. The distance
between the exterior faces of the web is 23 feet at the top and 16 feet at
the bottom. The structure is post-tensioned longitudinally and the roadway
slab is prestressed transversely. Web reinforcing is mild steel.

The structure was constructed segmentally in a “span-by-span" mode as
illustrated in Figures 1.4 and 1.5. The full cross-section was placed in three
segments with each segment being constructed in sequence over all or part of a
span at different times and even in different construction seasaons. Segments
were prestressed as soon as they had the necessary strength and could carry
the weight of the falsework and the concrete of sﬁcceeding stages. A mobile
falsework truss was employed to place the initial U-shaped segment that was
the bottom slab and webs. That truss was supported from the front of the

previously placed and stressed structure and the next foward pier. After this



Stage I segment had been cured and stressed, the truss was moved ahead to the
next span. The roadway slab between the webs was then cast as the Stage 11!
segment on formwork supported by the Stage I structure. The cantilever roadway
slabs of Stage III were cast on forms supported by falsework riding on the
Stage Il roadway slab. Stage IIT concrete was placed in 94-foot lengths and
simuttaneously on both sides of the bridge centerline. Transverse prestress
was applied to the Stage III construction as soon as the concrete reached
adequate strength. Non-structural barrier curbs and a 2-inch concrete overlay

for the roadway surface completed the construction.
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Figure 1.2. Denny Creek Viaduct
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1.2. Issues in the Design of Stage Constructed Concrete Box Girders

Issues in the design of single cell post-tensioned concrete box girder
bridges built by stage construction concern primarily three areas:
1. The effects of shear lag in the top flange and in the bottom
flange of the girder near the reactions;
2. The stress distributions for different stages of construction
and the effects of creep and shrinkage on those distributions;
and
3. The magnitude and distribution of the stresses due to thermal
gradients arising from environmental causes and from construc-
tion techniques.
These three issues are interrelated and therefore it is necessary to
study all three effects in order to correctly interpret any measured strain

and deformation data for such bridges.

1.2.1. Load Bistribution and Shear Lag

The current AASHTO bridge code (1.1) design provisions governing the
distribution of load were developed primarily for use with multi-cell girder
bridges. It is customarily assumed that for the distribution of 1ive load,
the bridge can be modeled by a line element analysis that considers an
explicit distribution of torsion. Provision for shear lag in the flanges s
not, however, customarily covered by such analyses. Single cell box girders
are of such a size that the complete width of the roadway can be expected to
participate fully in resisting forces at some distance from any concentrated
Toad.  However, the factors that determine the distance and the consequences
of such actions are ill-defined. Live Toad studies can produce information on
shear Tag, or effective flange width.  Current design code provisions for

shear lag do not_adequately cover large single cell box girders. Shear lag is
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primarily of concern for such structures in the bottom slab adjacent to the
piers.  The concentrated reaction loads must be distributed from the bearings
into the webs and flanges of the box. The high compressive stresses indicated
by beam theory often result in the designer thickening the bottom slab
adjacent to the pier. Such thickening may be unnecessary if significant shear
lag effects are present.

The current AASHTO Code requirements for mipimum bottom flange thickness
may also be unnecessarily restrictive for positive moment regions. Those
provisions require a thickness equal to or greater than the clear span between
webs but not less than 5 1/2 inches. In box girders with a large span between
webs this requirement can lead to an unnecessarily thick bottom slab. The
bottom 'slab must be of adequate thickness to accommodate the Tongitudinal
post-tensioning tendons and provide the necessary cover to the transverse and
Tongitudinal mild steel. 1In addition, the stress requirements for the slab
spanning between the webs and carrying dead load, possible construction Tive
loads, and any curvature forces from the tendons must be satisfied.  AASHTD
Interim 1979 allows use of the full top flange width for stress calculations
in lieu of effective width concepts. This provision needs experimental veri-

fication on full-scale structures.

1.2.2. Creep and Shrinkage Stress Redistribution

The stage construction, span by span, that was used for the Denny Creek
Viaduct, offers important economy 1in falsework for construction in difficult
terrains. The staging of the construction minimizes the‘need for expensive
temporary  supporting falsework trusses or ground supported falsework.
However, the technique imposes high temporary stresses in the previously
completed portions of the structure, For design, it is assumed that the

resulting peak stresses are redistributed by creep over a period of a few
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months to a few years and that for the completed structure, the response to
dead load and post-tensioning is eventually similar to the response which
would be found for the same structure cast-in-place on falsework and post-
tensioned as a single unit. In a previous contract, the Washington State
Department of Transportation (WSDOT) commissioned the Construction Techno1ogy
Laboratories (CTL) of the Portland Cement Association to install strain gages
during the construction, make strain measurements and laboratory tests, and
collect other data bearing on the issue of stress redistribution. The results

of the CTL study are reported in reference (1.2) and are further discussed in

Chapter 3.

1.2.3. Thermal Effects

The AASHTO Bridge Code does not require consideration of thermal
gradients in the design of a bridge structure. That Code provides gquidance
only for the effects of overall thermal expansions and contractions for annual
or longer temperature cycles. The ACI-ASCE Committee (1.3} on concrete
bridges has recommended that both stresses and movements due to temperature
changes and temperature differentials be considered in design.  They have
recommended, 1in the absence of temperature data, consideration of temperature
changes in a moderate climate that rise by 30 degrees F and fall by 40 degrees
F from those at the time of construction. They have also recommended
consideration of a linear temperature differential of 20 degrees F between the
top and bottom of the bridge.

Studies of thermal effects in bridges have revealed that significant
stresses are possible due to thermal gradients (1.4-1.8). Priestly (1.6) has
outlined a method for taking account of thermal stresses in design and a
design temherature gradient appropriate for New Zealand. Similar data for the

development of design guides for thermal gradients for U.S. conditions are not
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available, 1in spite of the recommendation in reference (1.3) that account be
taken of thermal gradients. Leonhardt {1.5) has reported a case in which
severe cracking in a box girder was attributable to thermal stresses. That
result demonstrates the significance of the thermal stresses in assessments of
a bridge's durability. Obviously, such stresses can exceed the tensile capa-
city' of the concrete, -even though the structure is post-tensioned. Thermal
Toadings are not likely to affect the ultimate strength of a bridge. However,
it is possible that they could significantly affect the bridge's service load
response, its fatigue strength, and its durability.

It is necessary to be able to separate the stresses and deformations due
to thermal effects from those due to creep and shrinkage, and those due to
live load in any stress and deformqtion study of an actual bridge. Because of
the instrumentation installed by CTL for strain 'gage studies  during
construction, there was a unique opportunity with the Denny Creek Bridge for
collection of basic data not only on the relation of temperature'gradients to
normally available environmental data, but also on the gross structural

effects of thermal gradients.

1.3. Objectives
The objectives of this research were to:

A. Analyze the creep and shrinkage data collected in the CTL study.
correlate that data with predicted stresses and deflections, and
interpret the significance of that data for design.

B. Document the strain and deformation response of the structure to
live loads and compare that response with .predictions based on
current design codes and available analytical methods.

C. Document the relationship between environmental parameters and

thermal gradients in the structure.
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D. Document the response of the structure to thermal gradients and
compare that response with predictions obtained from heat transfer
analyses,

E. Recommend methods of analysis for |ive loads appropriate for single-
cell box yirders,

F. Recommend procedures for desiygn for thermal gradients in box girders

1.4. Scope

In this study, a review is made of the strain and temperature data
collected during the construction of the Denny Creek Viaduct by Construction
Technoiogy Laboratories and the Washington State Department of Transportation;
the results of édditional strain and environmentél data coliected and the
bridge site are reported; the siynificance 6f those results interpreted; and
desiyn recommendations made for the prediction of the stresses induced in a
bridge by non-uniform temperature yradients over the deptﬁ of that bridge.

This study covers three separate but interrelated topics for the Denny
Creek Yiaduct: redistribution of stresses through creep and shrinkage, live
load response, and thermal stress response. Chapter 2 contains a review of
the literature relevant to stage constructed concrete box girder bridges for
each of these three topics. Chapter 3 reviews the Construction Technoloyy

Laboratories' report on the results of their creep and shrinkage studies and
| correlates their data with additional data collected as part of this investi-
gation. Chapter 4 describes the resuits of a series of live load tests made
on Lhe structure and the correldation between those results and the predictions
of customary methods ot analysis. Chapter 5 describes the investigation.of the
thermal response of the bridge to non-uniform temperature distributions, and

-Chapter 6 examines the research methodoloyy adopted for this project, its

19



Timitations and the changes that would be proposed in that methodology for
future studies of this kind.

Appendix A details the construction chronology for the Denny Creek Bridge
extracted from the WSDOT resident engineer's records. Appendix B tabulates
the Carlson strain 9age readings that extend the CTL data on creep  and
shrinkage and were taken as part of this study. Appendix ¢ reports the
results of measurements of the expansion joint movements with time and
temperature. Appendix D tabulates creep and shrinkage data required for
understanding the review.in Chapter 3 of the CTL study. Appendix E contains
critical extracts from the body of the CTL report. Appendix F contains the

computer program for Priestley's analysis and an example of the application of

that analysis.

1.5. Strain Measuring Devices

In the previous study by CTL, instrumentation was installed in Span 4
between Piers No. 4 and No. 5 as shown in Figure 1.6. Three bridge sections
designated as A, B and C were each instrumented with 13 Whittemore mechanical
strain gage points and 14 Carlson meters. The three sections A, B and C were
selected to represent sections next to the pier, near the quarter span, and
mid-span, respectively. The Tlocations of the Carlson meters within each
section are shown in Appendix E, Figures E1, E2 and E3. Those Carlson meters
were used for the live load studies, creep and shrinkage studies, and thermal
stress studies reported here. Although every effort was made to propef1y
utilize the Whittemore Strain instrumentation, readings taken from that
instrumentation were found ineffective. Other strain instrumentation was also
installed on the bridge, but climatic and traffic conditions soon rendered

that instrumentation ineffective also.
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2. LITERATURE REVIEW

2.1. Creep and Shrinkage

The extant literature on creep and shrinkage deformations in concrete is
very extensive and continues to proliferate. This fact is a clear indication
of the complexity ~of the subject and is also an indication that no simple
method has yet been found to represent this phenomenon in terms of one or two
parameters of general applicability.

. The pioneering work by Ross (2.1) is still very much applicable today.
Ross describes the three basic approaches to the problem of time dependent
deformations in concrete, presents the results of analyses, and compares those
results to experimental data for some simple cases of variable stress history.

The basic differential equation which is assumed to govern this phenomenon is

¢ ldc _
f - 3”3t 0 {(2.1)
where f = concrete stress
¢ = creep Strain
%, ¢ = constants determined from tests
t = time

Ross describes the effective modulus, the rate of creep, and the superposition
methods. The effective modulus method gives the deformation in terms of the
secant modulus at any time t aftér application of the stress. The rate of
creep method assumes that the time rate of change of deformation at any time,
dclfdt,' is known, where €y is the specific creep under 1 psi at the

appropriate time. The superposition method is analogous to the other two

methods except that the age at first Toading is accounted for by separate



creep curves for each aye.

Mattock (2.2) applied Ross's method to prestressed precast beams made
continuous tor live load and showed the equivalence of the rate of creep and
effective modulus method for that case. He also derived a solution for the
stresses and restraint moments which arise due to differential shrinkage
between the slab and the girder. He compared the predictions of his analyses
with measured experimental data and demonstrated good agreement, His proce-
dures have now become standard practice in bridge design.

Branson (2.3) has written a particularly comprehensive text on the
subject of time dependent deformations in concrete. His text covers current
formulations of the problem, presents numerous exampies on the use of those
formulations, and provides a wealth of experimental data on creep and
shrinkage. The text also compares the predictions of several analytical
methods.

Tadros, Dilger and Ghali (2.4, 2.9) have shown the importance for
deflection calcuiations of including the redistribution of stresses between
the concrete and the reinforcing steel with time. They report a theory and
develop a comprehensive computer program to track the stresses and deforma-
tions in a segmentally constructed bridge. Their program has recently been
made commercially évai]ab]e and is in use in the construction analysis of
several magor concrete box girder bridges. It shows promise in its ability to
account for most of the more important aspects of creep phenomena and appears
capable of extension to other creep laws as those laws become available.

One standard reference currently used in the profession for prediction of
creep and shrinkage 1is the CEB-FIP Recommendations {2.6, 2.7). Those
Recommendations are well described by Branson {2.3). They give a single

parameter representation of ‘creep which may be used with either the rate of

creep or the effective modulus method. The parameter is defined with
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reference to the major influences which have been shown experimentaliy to be
effective in determining creep and shrinkage. These influences include ambient
relative humidity, age at first loadiny, concrete mix design including unit
content of cement and cement sized particles, and water cement ratio,
theoretical thickness of the concrete; reinforcing steel ratio, and time rate
0f development of creep, The formulation is based on the ratio of the creep
strain to the elastic strain calculated with respect to the elastic deflection
computed as the stress divided by the modulus of etasticity at 28 days. This
dependence of the formulation on the 28 day modulus of elasticity is not
always recognized and results in some misieading comparisons when the creep is
referred to the measured elastic strain at the time of loading or calculated
using the modulus of elasticity appropriate to the time of toading instead of
the modulus of elasticity at 28 days.

The CEB-FIP 1970 Recommendations were updated in 1978 to include a more
refined evaluation of the creep phenomena. The creep strain is separated into
three parts., The creep coefficient is still taken as a single parameter and
defined with respect to the elastic deformation for a constant stress
operating on a linearly elastic specimen characterized by the 28 day modulus
of elasticity and stresses are assumed to be in the range where superposition
1s valid. The basic parameters in the determination of the creep coefficient
remain as described previously but the different effects are assumed to
influence different portions of the creep than that predicted with the 1970
recommendation., The creep strain is taken as the sum of three strains; an.ir-
reversible strain which occurs within the first fewdays of the applicationof the
first load, a delayed elastic (i.e., recoverable) strain whicﬁ develops with
time, and a flow (nonrecoverable) component that expresses delayed plasticity.

These components are related to one or more of the governiny parameters and
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their values given by tables and graphs.  The application of the method is
complex enough to have generated a 400-page manual with examples and commen-
tary (Cniorino (2.8)).

The difficulties of the various available methods in treating creep under
a variable stress regime are emphasized by the predictions of the various
methods of the creep caused by removai of a ioad, or creep recovery, The
effective modulus method predicts tull recovery ot both the elastic and creep
deflection, The rate of creep method predicts no recovery of the creep
deflection wupon removal of the load. The superposition method predicts
results intermediate between the rate of creep and the effective modulus
method but still seems to overestimate the recovery of the creep deflection,
at least for simple stress regimes. It appears that there is an unrecoverable
component of deflection associated with each load application, as well as an
elastic component and a fiow component.,

In the case of precast, prestressed beams with a composite cast-in-place
slab there is essentially one change in the stress regime, at least for
stresses of long duration. Thus, the various methods alt make acceptable
predictions. However, for a stage constructed cross-section, constructed span
by span, there are many changes in the stress regime of varying duration, The
presence of concretes of different ages in the same cross-section complicates
the choice of an appropriate single creep parameter representative of the

whole cross-section,

2.1. Anaiytical Methods for Desiyn of Box Girders

The literature on the design of box girder bridges is extensive,
Comprehensive surveys have been presented By Kristek (2.9) and Maisel et al,

(2.10). Unly a few of the more important publications will be reviewed here,

25



b 4

The yeneral categories of available design methods are listed below in order
of increasing complexity.

1. Elementary beam theory, torsion neglected

2. Elementary beam theory, torsion considered

3. Finite strip methods

4. Finite element methods with plate elements

5. Finite element methods with “brick" ({3-dimensional) elements

The elementary beam theory is the most commonly used method of analysis
in the desiygn office. It is simple and easy to apply and thousands of bridges
of all sizes have been built using beam theory as a guide. The principal
deficiencies are typically covered in design codes by distribution factors on
live loads and effective width concepts for shear lay. The theory is not
appropriate for problems associated with transverse anaiyses of thé Cross-
section and the simplifications that are usually made to permit application of
simple beam theory to transverse analysis must be applied with care,
Elementary beam theory does not ygive a correct picture of the stresses at
support points nor those in the vicinity of concentrated loads. Distribution
of a concentrated load, such as a wheel load, prestress, or support reaction,
by assuming that the load spreads through a cone of some known vertex angle
{for example, 52 degrees, a 2:1 distribution or 90 degrees, a 1:1
distribution) can often give satisfactory approximations for design. Most
jmportantly, elementary beam theory can provide a simple, well-understood
means for checking the results predicted by more elaborate analytical models.

The next level of sophistication in analysis is the inclusion of the
torsional properties of the line elements makinyg up the model for the frame
analysis, as well as the third dimension, A modest level of improvement in
accuracy 1is achieved 1in certain cases at the cost of much labor. It s

usually necessary to resort to a general purpose computer program, such as
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STRUDL, to process such an analysis. Transverse load distribution effects can
be calculated by wusing such a program to analyze a grid model of the deck
system. Hambly (2.11) discusses the application of these methods in some
detail and gives effective guidance on the interpretation of results and
madel ing.

The finite strip method divides the bridge section as a whole into
Tongitudinal strips which effectively represent portions of the section with
similar Tongitudinal stiffness. Equations are written for the vertical shear
forces required between the elements to restore deflection compatibility.
Loads on the strips are expressed by means of Fourier series expansion and the
simultaneous equations for the deflections are solved in terms of the
harmonics of the Fourier series. This method can predict the lateral distri-
bution of wheel loads to the different cross-sectional elements and provides
information on the distortion of the cross-section. The method can be used
without a special purpose computer program, but for each analysis it is neces-
sary to set up and solve the equations for several harmonics. Interpretation
of the results must be done with judgment, but the general concept is clear
and easy to understand. Hambly also discusses this method in some detail.

‘Finite element methods, employing general purpose computer programs such
as STRUDL, SAP, ANSYS, and others, can be used to model the structure. The
drawback to this approach is the enormous labor involved in setting up,
reviewing, checking, and coding the required input, the significant amount of
computer time, and the considerable effort required to properly interpret the
voluminous output. The results obtained depend entirely upon the erudition and
experience of the engineer performing the analysis. Experience is necessary

in structural analysis, finite element methods, and bridge design.

27



The program presented by Meyer and Scordelis {2.12) is a special purpose
program developed especially for bridge design. It combines the simplicity of
elementary frame analysis with the ability to model critical portions, or all
parts of the structure, with plate elements in which account is taken of both
in-plane and out-of-plane behavior. There are some limitations on mesh size
changes but they are not restrictive. One of the principal advantages of this
program is that it contains a maximum amount of programmed element generation.
In other words, the input data are minimized to those required by the
program to generate the coordinates of each node and describe the properties
of each'element. Compared to an elementary plane frame analysis, the input
and output are significantly greater. The program was deve]oped over time as
part of an extensive study into the behavior of concrete box girder bridges.
It has the benefit of parallel calibration through tests on fairly large scale
models.  Transverse behavior, shear Tag, and Tateral load distribution are
handled by theoretically correct methods in the model.

The authors are unaware of any finite element programs, utilizing shell
elements, which have been developed specifically for bridges. General ffnite
element programs containing shell or solid elements could, in theory, be used
at the cost of large amounts of computer time and much labor in preparing
input and interpreting output. However, the cases where such models would be
appropriate are few for bridge design. One such case would be for the Three
Sisters Bridge proposed to carry 1-66 over the Potomac River near Washington,
D.C. That large scale concrete box girder structure is planned to have curved
exterior webs as well as the usual haunched soffit. The advantages and disad-
vantages of using a finite element program with shell elements for that struc-
ture can be readily calibrated by reference to the results of the 1:10 scale
model of the structure tested by CTL and reported by Corley and Carpenter
(2.13).
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2.2. Analytical Methods tor slab Design

Determination of roadway stab design moments for this type of structure
is commonly done by means of influence surface charts such as those by Pucher
(2.14) and Hombery and Ropers {2.15). An example of such a chart 1is shown
in Figure 2.1. Pucher's charts are limited to constant thickness slabs with
various aspect ratios and boundary conditions. Homberg and Ropers present
charts for cantilever and interior slabs with different soffit profiies
(either parabolic or linear variation of thickness) for selected ratios of
minimum to maximum thickness. A separate chart is required for each point of
interest and direction of moment. The influence surface for moment in a plate
is expressed analytically by a Green's function which simultaneously satisfies
the partial differential equation for plate bending, the associated boundary
conditions, and the conditions for a unit impulse applied at the point of
interest, This wunit impulse is a slope discontinuity for moment which inte-
grates to unity across the point of interest (see Hildebrand (2.16)). These
surfaces are the two-dimensional analog of the influence line familiar to
structural analysts. The closed form analytical expressions representing
these surfaces are very complicated and lengthy and not suitable for general
design use. Closed form expressions have not yet been developed for the case
of wvariable slab thickness. Hombery and Ropers influence surface charts are
therefore prepared by use of finite element analysis.

These influence surface charts are easy to use, practical for use in the
design office, and give adequately accurate results within the limitations
inherent in the assumptions upon which they are based. The principal
limitation is that the charts cannot be prepared to cover every possible point
of interest or variation in form and proportion of soffit profile.  Homberg
and Ropers' charts are also out of print and not readily availabie in the U.S,

In the design of a given structure, moments in the siab are determined at the
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web, midway between the web and the edge of the cantilever and midway between the
webs as shown in Figure 2.2. These moments at these locations are used to draw envel-
ope curves using straight line interpolation. Figure 2.3 shows envelope curves given
by Schlaich and Sheef (2.17) as typical of European practice. Guyon (2.18) has
outlined a method for combining the results of the influence surfaces for
plates of constant thickness with results of stiffnesses determined from frame
analysis and fixed end moment factors for haunched beams. This method is
somewhat contrived and subject to Judgmental errors but it does serve as a

means of adapting the influence charts for constant thickness plates to the

case of variable thickness plates.

Several authors have addressed the problem of the influence of the edge
beam on the distributions of moments in the cantilever slab. In general,
these methods are summaries of the results of finite element analyses. Kawai
and Thurlimann (2.19) present a closed form analytical method for constant
thickness slabs with cross beams which could be used with appropriate
éssumptions and modeling to be a portion of a larger slab with specified
boundary conditions. Bahkt (2.20) presents the only treatment which addresses
the problem of the influence of the free edge and which most nearly represents

the conditions present for the live load test on the Denny Creek Viaduct.

However, he has given results only for a slab with a lincar variation in
Lhickness  over  the  full span. This method is also called the “Ontario"
method.

Bahkt's method is based on the results of a finite element analysis which
utilizes plate elements. Schaich and Scheef (2.17) give curves attributed to
Menn (2.21} showing the influence of both the edge beam and the profile of the

slab soffit on the distribution of the moment at the root of the cantilever
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Figure 2.2

Reference Sketch for Slab Design Sections
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for several different slab soffit profiles and edye beam stiffnesses. These
curves are shown in Figure 2.4,

General purpose finite element analyses utilizing plate elements can be
used to analyze any configuration of slab soffit profile and edge beam
stiffness. Several programs are available for use on larger computer systems.
The principal disadvantage for routine design office use is the amount of time
necessary to code, edit, verify, and check the input for such a program and to
interpret the output. These considerations generally limit the use of such
programs to final checks of designs developed using simpler methods.

The  simplicity of the procedure upon which the standard AASHTO
distribution factors, given in Paragraph 1.3.2 (C) of reference‘ (1.1), are
based should not be overlooked, especially for preliminary design. Those
distribution factors are based on an assumed minimum width of 3.75 feet and
thence spreading of the load at a constant angle, 39 degrees, for determining
the width of the slab which participates in resisting the moment generated by
a given wheel load. No distinction is made between dual wheels or single

‘wheels; therefore, it is assumed that this distribution is applicable to
either situation. This method becomes overly conservative for long
cantilevers where the distribution cones for adjacent axles overlap and where
more than one set of wheels can be placed between the edge and root of the
cantilever.  An adaptation of this method, which accounted for the free edge,
was used to calculate the moments to be anticipated for the test load applied
adjacent to the expansion joint in the live load tests reported in Chapter 4,

The same calculation was repeated using Bahkt's analysis. The maximum
transverse moments at the root of the cantilever were predicted to be as

follows:
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Method Maximum mx k-ft per 1ft

Modified AASHTO 37.0

Bahkt 2:1 taper

Ib:Is = 1.0 22.0

The value used for the stiffness of the edge beam assumed that the edge beam
participated fully in resisting Toads. Hence, no reduction was made for
Joints in the barrier rail. Also, the parabolic taper for the Denny Creek
Viaduct's  cantilever slab means that the slab is less effective in

distributing loads longitudinally than a linearly tapered slab with the same

root and: edge thicknesses.

2.4, Therma] Stresses

Emerson (2.22, 2.23, 2.24, 2.25) studied bridge temperatures in ﬁhe
British Isles extensively, producing recommendations for predicting bridge
temperatures from environmental parameters and typical distributions of
temperatures with depth. The methods and parameters presented by Emerson have
been calibrated only against data collected for bridges in the British Isles.
However, those methods should be able to give reasonable resu1ts in widely
divergent climatic conditions. |

Jones (2.26) developed a computer program for prediction of the mean
effective temperature of a bridge based on site observations of certain
envirommental parameters. His program is intended for use in establishing a
reference temperature for longitudinal expansion, as would be required for
proper installation of expansion joints and bearings during construction.

Reynolds and Emanuel (1.8) surveyed studies of thermal stresses in
bridges prior to 1971. They discussed the various factors involved in

estimating the magnitude of the temperature differential between the top and
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bottom of the structure and reported the results of various theoretical
studies and measurements of temperatures in bridges.

Radioli and Green (1.7) used nonlinear gradients to study the possible
stresses in two typical bridge structures, a beam and slab system and a box

girder. They assumed a temperature distribution represented by a sixth order

parabolic variation with depth as follows:

t{y) =T (y/d)° (2.2)

where: t(y)

1}

temperature as a function of depth
measured from the soffit

T = surface temperature
¥y = height above the soffit
d = total depth of section

Their analyses showed stresses of 200 psi tension and 800 psi compression in a
typical two-span concrete box girder for an apparent temperature gradient of
20 degrees Fahrenheit.

Priestley (1.6, 2.29) has studied the problem of the form of the thermal
gradient and the stresses produced in structures by such gradients. He
proposed a form for the gradient based on his observations and 1nvestigatidns
in New Zealand. His gradient has a form similar to the gradient proposed by
Radioli and Green. His distribution also covers the case of slabs over
enciosed cells and the temperature distribution in the bottom slab of such
cells (see Figure 2.5). Priestly also studied one of the few cases of
reported damage from thermal effects. Bu11f et al. (2.28) give details of the
Newmarket Viaduct in Auckland. This structure experienced severe cracking,
triggered by temperature stresses, which provided the impetus for Priestley's
research.

Hambly (1.4) discussed the implications of the various proposed

temperature distributions for design. He includes analyses of reinforced
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concrete  sections illustrating the influence of cracking in relieving
restraint induced stresses.

White (2.29) has reviewed the available Tliterature on non-linear
differential temperature distributions in concrete bridges through 1978 and
identified the various distributions that are suitable for use in design {see
Figure 2.5).

Richmond (2.30) has raised the question of whether there is a créep
component related to temperature and suggested that this phenomenon may
explain the apparent discrepancy between the relatively high stresses
predicted by the analyses described previously and the relatively few
documented cases of substantial damage to existing bridges as a result of such
stresses.

Aguado, Mari and Penon (2.31) have described an iterative method for the
analysis of frames composed of members with arbitrary moment-curvature
diégrams and presented examples of the analysis of frames subject to both
gravity loads and 1imposed deformations. Their approach indicates the
ductility required in the various members.

Aparicio and Arenas (2.32) have described the application of the general
method developed by Aguado, Mari and Penon to the problem of highway bridges
subjected to Tinear temperature gradients and 1live loads that are
progressively increased until failure occurs. Their analyses predict a
decrease "in the restraint moments caused by thermal gradients as the 1mposéd
live load increases, and that the thermal gradient affects only the ductility
required at failure and not the ultimate capacity of the structure.

Emerson (2.33) has reported the results of heat flow studies based on the
one-dimensional heat flow model developed at the British Transport and Road

Research Laboratory. The influence was documented of several parameters,
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inctuding resultant temperature profiles, This paper is significant because
it identifies the relative importance of each of those parawmeters, The
overriding influence of solar radiation is obvious trom these results, lhe
temperatures resulting from the incoming solar radiation depend on the emis-
sivity and absorptivity coefficients of the surface, However, the range of
the emissivity is such that its influence is smal) compared to the influence
of the range of the incoming radiation,

The second most important parameter is the wind speed, which affects the
surface coefficient of convective heat transfer, Two values were examined in
Emerson's study: 9 kilometers per hour, which gives heat flow of 23 watts per
meters® degrees C; and 53 kilometers per hour, which yives heat flow of 70
watts per meters? degrees C. The higher value resulted in lesser input tem-
peratures when the upper surface was being heated by radiation. The variation
in this coefficient was less important for determining lower surface tempera-
ture. Thus, the surface heat transfer by convection is more important for
cooling the deck than for heating the lower surface. This implies that the
increase in soffit temperature used by Priestley is likely to develop in
response to a change in ambient air temperature for the range of wind condi-
tions normaliy observed, This study also demonstrated the beneficial effect
of asbhalt overlays for reducing the effective temperature gradients in the
structural concrete. As confirmed by other researchers, surfacing acts as an
insulator,

Zichner (2.34) has described analytical studies and field observations of
temperature effects for German bridyes. Those studies were similar to the
studies reported here. A two-dimensional explicit formulation of the finite
difference approximation to the partial differential equation for heat flow
was used 1in his analysis. The results are similar to those obtained by

others with a one-dimensional analysis. The paper reports on cracking,
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attributed to temperature effects, in the bottom slab and webs of a seven-span
single cell box girder with spans of approximately 26.6 m (87 feet). The
cracks were in general confined to the central half of each span and ranged in
width from less than 0.2 mm (0.0U8 in) average to 0.4 mm {0.016)maximum. The
web cracks were in general vertical and extended from the bottom of the web to
the neutral axis, Bottom slab cracks extended completely across the slab.
Both web and slab cracks were evenly spaced and numbered from four to eight
per span. The bridae was curved in plan with a radius of about 145 m (476 ft).
Zichner emphasized the importance of the boundary conditions to the results of
a heat flow analysis. He recommended use of a surface coefficient of heat

transfer of

h=5,58 + 3.95 w (2.3)
where: h = coefficient W/m? °c)
w = wind speed m/s

He also suggested that the starting temperature value, assumed to be constant
initially, will not influence the results beyond the first two days. He took
the emissivity coefficient for short wave radiation as 0.65. The values he
used for other thermal properties were similar to those used in the calcula-
tions made for this study. Curves of predicted versus observed téﬁperatures
are shown and agreement is excellent. Observations were taken during a summer
period of extended f;ne weather and a.difference observed between the response
for a sinyle cell box girder and twin webbed tee-beam bridges. The effective
gradients, after the correction for self-equilibrating stresses converted back
to temperatures, were approximately 8 degrees C and 5 degrees C, respectively,
for tee-beam and box girders. The mean temperatures were only slightly
greater for the tee-beam, daily range 9 degrees C, than for the box girder,

daily range 7.5 degrees C. Eigenstress values computed assuming a modulus of
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elasticity  of 35000 MN/m (5100 ksi) and a coefficient of thermal expansion
6f 1GE-06, deg C (b.6E-U6, deg F) for an interior span exhibited a daily range
of between +1,2 MPa and -1.9 MPa (+180 psi and -280 psi) for the bottom and
top of the top slab, respectively. It is assumed that these stresses do not
include the stresses due to flexural restraint. The stress values quoted
above were nearily identical for the tee-beam and box yirder bridges. It is
inferred from the context of the discussion that these stresses were for the
longitudinal direction, In another example, the daily temperature ranyes
observed for three thermocouples in the top slab of a single cell box girder
were compared with the calculated values for the same location. The yirder
had a slab dep;h of 25 cm (10 inches) and there was a 6 cm (2.4 inch) asphalt
surfacing on the deck. The concrete cover on the top and bottom thermocouples
was 1.5 om (0.6 in), The observed daily temperature ranges for the top,
middle and bottom gayes were 12.5, 6.8 and 5.4 degrees C, respectively, and
calculated values were approximately 15 per cent less. Zichner also reports
observations on the midspan deflections of a simple span twin web tee-beam of
39.3 m (129 feet) span. The midspan deflection was measured as 7.8 mm (0.31
inch) maximum, That value corresponded to an effective differential tempera-
ture of 8,1 degrees C and was in yood agreement with the results predicted by
the heat fiow analysis. Measured strains in the prestressing strand in the
bottom slab of a single cell box girder were also given, The daily range due
to an effective differential temperature of 3.4 C deygrees was 153 microstrain,
That change would be equivalent to a stress change of approximately 31.0 MPa
(4.5 ksi),

The "state of the art" for calculation of differential temperature
stresses in concrete box girder bridges is a two-dimensional heat flow
analysis with arbitrary boundary conditions and including both convective and

radiative heat transfer at the surfaces, coupled with a non-linear iterative
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analysis to determine the stresses produced by a given temperature
distribution.  Such an analysis is time-consuming, beyond the capabilities of
most design offices, and often unnecessarily complex. The "state of
practice," meaning the best practical procedure, is a unidimensional heat flow
analysis with both radiative and convective heat transfer at the
boundaries, coupled with a homogeneous linear elastic analysis for thermal
stresses due to a given temperature distribution 1in one direction. Non-
lTinearity would be considered qualitatively by choosing the moment of inertia
and area of the section with due regard for the state of stress after
application of the thermal stresses. [t is concluded that any reasonable
proéedure for considering thermal stresses would result in the designer taking
definite measures to provide for those stresses. The designer would either
provide mild steel reinforcing to distribute potential cracks or increase the
Tevel of prestress to attempt to prevent them.

The important point is that cracking can only be prevented by the
application of prestress if the designer can be very confident that all
loadings  have been taken into account as well as all local stress
concentration factors. This is seldom the case. Therefore, it would appear
that the most prudent design approach would be to provide prestressing on a
"lToad balancing" approach for dead load plus frequently occuring 1live load.
The required ultimate moment would be provided by the prestressing steel plus
additional mild steel. Crack width and change in steel stress should be

controlled to insure proper durability and fatigue resistance.
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3. CREEP AND SHRINKAGE STUDIES

This chapter reviews the report entitled "Instrumentation of the Denny

Creek Bridge" dated August 1981 and prepared by the Construction Technology
Laboratory (CTL) for the Washington State Department of Transportation (1.2)..
The observations, findings, and recommendations of the CTL report are
included as Appendix E of this feport for reference. Additional creep and shrink-
age data collected in this study are presented. The correlation between the two
sets of data is examined and their significance for design assessed. An

estimate of the stresses is developed for the current stress levels at the

instrumented sections of the bridge and that estimate compared with the

currently measured strain values.

3.1. CTL Observations, Findings and Recommendations

Observation No. 1 states, “In the first 100 days, Tlongitudinal

deformations in the bridge were caused primarily by instantaneous strains.”
Table 3.1 1lists creep strain and specific creep values for each of the
Taboratory specimens at 100 days and 600 days. These values were obtained by
linear interpolation between values given in the CTL report and reproduced in
Appendix D to this report, Approximately 80 per cent of the creep at 600 days
occurred in the first 100 days. The CEB-FIP curves for time rate of
development of creep (i.e., k ) show that even if correction is made for the
greater thickness of the Denny Creek Viaduct concrete than that of the
Taboratory specimens, 35 to 50 per cent of the creep strain due to a given
Toad increment would have occurred in the first 100 days. Load history was
the major cause of the differences in creep behavior for the specimens tested
by CTL 1in the laboratory and those observed in the bridge. The laboratory
specimens were subjected to a constant stress history, whereas the bridge

concretes experienced a highly variable stress history. The linearized creep
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theory wutilized by CTL to predict the measured strains provides acceptable
results for essentially constant stress histories but is less effective for
variable stress histories. Ross (2.1) has discussed the various creep
theories and their reliability for relatively simple stress histories. The
prediction of behavior for decreasing stresses is particularly difficult. The
dead load of the structure was added in several stages and was not complete
until approximately 100 days or more after casting the first stage. CTL's
Observation No. 1 would not seem easily defensible given the known difficulty
in predicting creep behavior in concrete experiencing as complex a stress

history as that for the construction of the Denny Creek Viaduct.

Table 3.1.

Percentage of 600 Day Specific Creep Developed in First 100 Days

Per cent of

Concrete 600 day crp
from Age at Creep at in 1st 100
Stage Loading 100 Days 1 600 Days 1 days
Z days 3 4 3 4 5
I @ 1200 4 862 0.710 1063 0.886 80
I 1900 27 1228 0.646 1556 0.819 80
I 2000 90 1138 0.569 1422 0.711 80
IT 1500 5 795 0.530 980 0.6563 81
11 1200 28 596 0.497 745 0.621 80
[T 2000 91 971 0.486 1240 0.620 78
111 1200 8 701 0.584 909 0.758 77
I1T 2000 29 1101 0.551 1480 0.740 74
ITI 2000 92 931 0.466 1267 0.634 74

Notes: 1. Linear interpolation from data in CTL Report
2. Load in psi
3. Creep strain in microstrain
4. Specific creep in microstrain/psi
5. 100(Sp crp at 100/Sp crp at 600)
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Observations No. 2 & 6 are cited by CTL as primary evidence of the
redistribution of stresses in the cross-section due to creep and shrinkage.
That observation, however, conflicts with the sign of the strains recorded at
several Tlocations. The measured strains for gages C-11 and C-14 were stil]
tensile strains even after correction for the temperature difference between
the new Stage 111 concrete and the previously cast stages. The issue of how
to correct the readings for this differential temperature is discussed in more
detail later. Even so, the strains indicated by gages 11, 12, 13 and 14,
Tocated in the Stage III concrete, were still found to be tensile 1in
measurements made for this study. It is believed that the discrepancy is due
to the relaxation factor applied by CTL to the calculated corrections. CTL
used a relaxation factor appropriate to a slowly applied load rather than the
factor appropriate to a suddenly applied load. This difference is significant,

as is discussed in more detail later.

Observation No. 3, Finding No. 2 and Recommendation No. 3 all concern

tensile stresses generated in Stage 11l by the temperature difference between
the new concrete and the previously placed concrete. In the CTL report,
tensile stresses for Stage III concrete were apparently calculated by applying
the method described in that report to the difference in the average
temperature for the new concrete and the old concrete at each section and
using the modulus of elasticity and coefficient of thermal expansion measured
on the laboratory specimens. The stresses calculated by CTL are tabulated in
Appendix D of their report after modification b& the relaxation factor shown
in Figure 15 of that report. These CTL stresses appear to be the stresses
appropriate for a simple span, and apparently neglect the compensating
stresses caused by flexural restraint furnished by the monolithic piers and
adjacent span. Those compensating stresses are large compared to the primary

stresses.

46



The actual temperature distribution is also much more complex than that
assumed for the CTL analysis due to conduction of heat from the new to the
older concrete, Conduction eases the apparent peak temperatures, especially
at the interface between the two concretes, Peak concrete temperatures occur
in the first two days for sections of the thickness used in the Denny Creek
Viaduct., Thus, the appropriate reiaxation factor is closer to that for
suddenly applied loads rather than that for loads applied in a time scale
commensurate with the development of creep and shrinkage. Leonhardt (3.1)
gives the relaxation factor for suddenly applied loads as e-¢ and the factor
for siowly applied loads as that shown in Figure 15 of the CTL report. The
foﬁmer factor gives a much more rapid decay of the stresses for the same ratio
of creep strain to elastic strain (i.e., same ¢). The CTL report focused on
creep and shrinkage and stress redistribution effects. Therefore, a correc-
tion for “locked in" temperature stresses was appropriate, However, the
magnitude of the correction utilized by CTL is highly questionable.

Stresses due to vrestraint of cooling contractions are augmented by
stresses generated by the restraint of differential shrinkage between the new
and the oid concrete. In Spap 4 of the Qenny Creek Viaduct, the potential
differential shrinkage between the Sfaée 11 and IIl concrete is 60 micro-
strain, based on the data given in Appendix B of the CTL report, corrected for
the difference in properties between the 1¢P0ratory specimens and field con-
crete, and the difference between the as—built and as-designed construction
schedule.  That strain is equivalent to an additional cooling of 12 degrees F
for a coefficient of thermal expansion of 5 microstrain per degree F. The
time scale for those two effects is, however, quite different. From the tem-
perdture records it can be seen that cooling was probably compiete within the

first week after the pour. By contrast, the differential shrinkage strains
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must have developed slowly over several months, Currently, the soffit of the
Stage III concrete is cracked in mOSt spans of the Denny Creek Viaduct.
Similar cracks are also visible in isolated locations in the soffit of the
Stage II concrete that forms the interior of the box girder, Those Staye |1
soffit cracks in Span 2 near Pier d were measured and tound to have widths at
the surface less than 0.1 mm (0.004 in). Personnel from the WSDOT Resident
Engineer's office mapped the cracks observed in Stage II and classified the
extent of cracking in the various spans. Shown in Figure 3,1a are the cracks
and prestress for Spans 5 and 6. The cracks in Stage II roughly correlate
with the location of the post-tensioning tendons in Stage II. For example,
cracks are more numerous in that portion of the Stage II slab extending from
the construction joint to the forward, in the sense of the direction of
construction, 3/4 point of the Span than in the portion of the slab between
the pier and forward construction joint, The number of tendons in the Staye
Il slab for the former region were significantly greater than for the latter
region, The data on the Stage II cracking were received as this manuscript
was in preparation and therefore were not available for extended study, No
reason 1is readily apparent for the differences in the extent of cracking in
the Stage II slab from span to Span.  However, the cracking in both Stages 11
and III would be influenced by differences in temperature between the new and
the old concrete at the time of casting and during subsequent curing,
restraint of differential'shrinkage between the two concretes, and possibly
tenstle stresses induced by the staye construction methods. Al! three factors
were present 10 varying degrees in each span and would contribute to the
potential for cracking. No cracking was noted by the authors of this study on
the deck surface prior to placement of the overlay and the cracks in the Stage

Il soffit appeared to have sealed.
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The development of a complete stress history with full accounting for all
changes in Toading, support and member properties is beyond the scope of the

current investigation. In order to fully account for all changes, it would be

necessary to take incremental creep and shrinkage effects into account,

Further, in Tight of the known inability of the various methods for analyzing

creap effects to accurately predict measured results, and the uncertainties in
the basic parameters to be used in such analyses, that effort would be
questionable.  However, in order to give a feeling for the significance of
these effects and for the stresses due to temperature gradients, an
approximate calculation was made of the stresses due to permanent loads and

!

creep and shrinkage effects. The results are presented in Tables 3.2 to 3.4.
Table 3.5 describes the entries in those tables.

For generation of Tables 3.2 through 3.4, creep and shrinkage parameters
were estimated using a combination of the Taboratory test data contained in
the CTL report and the procedures and graphs given in the 1970 CEB-FIP report
(2.6). The CTL data for 6 x 12 inch cylinders tested at 70 per cent relative
humidity and 20 degrees C temperature were used to determine basic values for
shrinkage and creep parameters. Those values were adjusted to account for
differences betwen the properties and conditions fof the test cylinders and
the bridge. Those differences include the greater theoretical thickness for
the bridge, the annual average relative humidity at the bridge, about 75 per
cent, duration of Tloading from the event under consideration to the final
condition, age since cessation of curing, and reinforcement. A cylindrical
specimen with sealed ends was assumed to be the shrinkage and creep specimen
used by CTL.  The theoretical thickness, volume divided by twice the surface
area, for such a specimen is 3.8 c¢m (1.5 in), for which the CEB-FIP correction
factor is 1.3 for Kas the-partia1 factor for theoretical thickness. The

theoretical thickness of the bridge members, calculated in a similar manner,
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Table 3.2

Calculation of Existing Stress Levels in the Denny Creek Viaduct
with correction for creep, differential shrinkage, and
differential temperature at casting of succeeding stages
Section A near Pier 5

M Stage I Stage II Stage III
Load fcb fct fcb fct feb fct
kip-ft psi psi psi psi psi psi
DL1 -37914  -1344 469 469 696 469 696
DL2 -5163 -183 64 64 95 64 95

0.86(PT + PT2)} 30210 1296  -1312 -1312 -1638 -1312 -1638
Sum DL+0.86PT -12867 =231 =779 =779 -847 =779 -847

Sum const -1022 -1238 -472 -456 44 78
phi = 1.00 =522 -948 -666 -703 -476 -507
phi = 2.00 -338 -841 -737 -794 -668 -722
DT12 * 5 -67 55 51 0 0
Ds12 -1 -37 30 28 0 0
DT23* -85 -80 . =80 -79 225 231
Ds23 -38 -36 -36 -35 101 104
Sum DT+DS -119 -220 =31 -35 326 335
Sum perm loads -641  -1168 -697 -738 -150 -172
LL+I  +M 1458 52 -18 -18 =27 -18 =27
-M -8429 -299 104 104 155 104 155

Sum perm +M -589 -1186 -7156 -765 -168 -199
Sum perm -M -940 -1064 -593 -583 -46 =17
+ 40F DT -133 60 60 -813 60 -813
- 15F DT -445 113 113 451 113 451
Sum perm +M4DT , =722  -1126 -655  -1578 -108 -1012
Sum perm -M-DT -1385 -951 -480 -132 67 434

Note: tension +

*See Figure B.1 for stress before relaxation and continuity moment.
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Table 3.3.

Calculation of Existing Stress Levels in the Denny Creek Viaduct
with correction for creep, differential shrinkage and
differential temperature at casting of succeeding stages
Section B at 1/4 point

M Stage I Stage 11 Stage III
Load fcb fct fcb fct fcb fct
kip-ft psi psi psi psi psi psi

DLl 223 11 -3 -3 -5 3
DL? 30 1 0 0 -1 0 -1
0.86(PT + PT2) 1565 =315 -228 -228 =213 -228 =213
Sum DL+0.86PT 1818 -303 -231 =231 -219 =231 -219
Sum const =733 -934 -137 -117 46 74
phi = 1.00 =461 -490 -196 -181 -129 -111
phi = 2.00 -361 -326 -218 -205 -194 -179
DT12* -3 -38 63 57 0 0
DS12 -1 -39 28 25 0 0
pT23* -58 -59 -59 -60 143 146
Ds23 -39 -40 -40 -79 95 98
Sum DT+DS -101 -226 -8 -57 238 244
Sum perm loads -562 -716 -204 -238 -109 133
LL+I  +M 1786 90 -22 -22 -36 -22 =36
: -M ~-1768 -89 21 21 35 21 35
Sum perm +M -472 -738 -226 -274 87 97
Sum perm =M =651 -695 -183 -203 130 168
+ 40F DT -133 60 60 -813 60 -813
- 15F DT =445 113 113 451 113 45]
Sum perm +M+DT - 605 -678 -166  -1087 147 =716
Sum perm -M-DT -1096 -582 -70 248 243 619

Note: tension +

*See Figure B.2 for stress before relaxation and continuity moment.
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Table 3.4,

Calculation of Existing Stress Levels in the Denny Creek Viaduct

with correction for creep, differential shrinkage, and
differential temperature at casting of succeeding stages
Section C at CL Span 4

M Stage 1 Stage II Stage II1I

Load fcb fet fcb fet fcb fect
kip-ft psi psi psi psi psi psi

DL1 20619 1040 ~-250 -250 -411 -250 -411
DL2 2809 142 -34 -34 -56 -34 -56
0.86(PT + PT2) -21686 -1681 -106 -106 90 -106 90
Sum DL+0.86PT 1742 -499 -390 -390 -377 -390 -377
Sum const -1102 =139 -186 =237 39 63
phi = 1.00 -721 -758 -315 =325 -232 -215
phi = 2.00 -581 -525 -362 -358 -332 =317
DT12* 17 -139 83 70 0 0
DS12 5 =43 26 21 0 0
DT23* -31 -91 -91 -98 154 152
DS23 -17 -52 -52 -56 87 86
Sum DT+DS -26 -325 -34 -63 241 238
Sum perm loads =747 -1083 -349 -388 9 23
LL+I  +M 6579 332 -30 -80 -131 -80 . -131
-M -2174 -110 26 26 43 26 43

Sum perm +M -415  -1163 -429 -520 -71 -108
Sum perm -M -856  -1057 -323 -345 35 66
+ 40F DT -133 60 60 -813 60 -813
- 15F DT -445 113 113 451 113 451
Sum perm +M+DT -548 -1103 -369 -1333 -11 -921
Sum perm -M-DT -1301 -944 =210 106 148 517

Note:

*See Figure B.3 for stress before

tension +
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Table 3.5.

Caicu]qtion of Existing Stress Levels in the Denny Creek Viaduct
y1th correction for creep, differential shrinkage, and
differential temperature at casting of succeeding stages

Load Description of Entries in Tables 3.2, 3.3, and 3.4
DL1 Dead Toad structural concrete D&W Jun 77
DL2Z Dead load curbs, overlay Final frame
0.86{PT +PT2) Post-tension incl 2ndry mnts built at one

Sum DL+0.86PT Mf = summation permanent loads time

Sum const Mo = summation construction stresses D&W June 77

phi = 1.00 Mo * exp(-0) + Mf * (1-exp(-0))}

ph .i - 2 . 00 (1] n L1} 1+

pT12 _ Stresses due to DT casting Stg II * exp(-1.00}

DS1? Stresses due to DS I/1I * relaxation, phi=1.00

DT23 Stresses due to DT casting Stg III * exp(-1.00)

Ds23 Stresses due to DS II/III * relaxation, phi=1.00
Sum DT+DS Summation stresses due to diff temp ad shrink

Sum perm loads Summation perm loads and DT&DS for phi = 1.00

LE+]  +M Design live load and impact 3 lanes HS-20
_M 1] L1 n L1} 1] 1] ] n
Sum perm +M Service load stresses w/o add'l diff temperature
SUlﬂ perm _M L1} 1] u n H L1} L1]
+ 40F DT Stresses due to diff temp Priestley's method
- 15F DT H ‘ 1] n n n n 1]

Sum perm +M+DT  Service load stresses w/add'l diff temperature
Sum perm -M-DT " H u " " "
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is approximately 40 cm (16 in), for which the ke factor is 0.55 for shrinkage
and 0.72 for creep. The average value of the steel reinforcing ratio s
approximately 0.7 per cent when both the mild steel reinforcing and prestress-
ing steel are included. The partial factor on shrinkage, kp, is thus 0.88.
There 1is no corresponding partial factor on creep.  The laboratory specimens
were also assumed to be made from the actual concrete used on the project or
from a similar mix.  Thus, the partial factor for concrete composition, kb,'
was already taken into account in the laboratory specimens. CTL results for
tests on three sets of creep specimens were used to develop partial factors
for creep, dependent on the age of the concrete at first loading, kp. It is
recognized, of course, that the stress history for the bridge concrete was far
from constant as implied by this approach.  The creep and shrinkage values at
the termination of the laboratory tests wefe taken as the ultimate values for
the CEB-FIP graph for calculation of the partial factor on load duration for
creep or age after curing for concrete with a theoretical thickness of 5 cm (2
in). A single parameter for creep and shrinkage, applicable for all three
stages, was developed by averaging the data from all CTL tests. The anomalous
result for creep in the Stage II concrete, loaded at 28 days, was disregarded
for this estimate. That concrete showed much more creep than the same con-
crete loaded at 7 days amd much more creep than the two other concretes loaded

at 28 days. The resulting partial factors and calculated shrinkage values are

as follows:
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) As Measured As Corrected to
Partial Factor in Laboratory Bridge Site

(kT = 1.3) (k = 0.55)

(1) Basic creep for

load at 7 days 2.38 1.26

load at 28 days 2.06 1.09

load at 90 days 1.83 0.97
(2) Shrinkage potential (x 10°) 800 300
(3) Differential shrinkage {x 105), ki,

for Stage I when Stage II cast %19 days) (x 10%) 27

for Stage I, II when Stage III cast (80 days) (x 10°%) 60

The ditferential temperature at casting of the new concrete against the
existing concrete was relaxed by the factor e_¢ and the loading was assumed to
occur at 7 days. The appropriate creep factor, ¢, was therefore estimated as
1.00. The differential shrinkage potential between the new and the old con-
crete was relaxed by the factor lf—»‘(ﬁsing the same creep factor, The analysis
in  Appendix A of the CTL report was used to compute the stresses, before
relaxation, attributable to those two effects. For this calculation, the
modulus of elasticity of the concretes was assumed to be 3500 ksi for the new
concrete and 4800 ksi for the oid concrete. Flexural restraint stresses were
calculated for the structural configuration effective at the time, as taken
from the Resident Engineer's records {see Construction Chronology, Appendix
A}.

In lieu of a separate calculation of the stress history, the stresses due
to dead load and prestressing were estimated by Dischinger's method using the
results presented in Dyckerhoff and Widmann's check analysis of the contrac-
_tor's construction scheme, In that analysis, two stress conditions are
reported: a summation of the stresses at each point for all elastic effects
taken on the appropriate statical system without modification for creep redis-
tribution or loss of prestress, and the stresses at the same points calculated

as 1if the structure were constructed at one time on falsework and post-

tensioned. The summation of the construction stage stresses is designated fo’
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and the summation of the stresses as if built on falswork is designated ff .
Stresses ff are calculated with an assumed 14 per cent loss in prestress. The
adjusted stresses due to the permanent loads existing at the time of the July-
August 1982 observations is calculated as the sum

f=fe®sf (107 | (3.1)

Live load plus impact stresses for the positive and negative envelope
values at each section, differential temperature stresses calculated using
Priestley's method, and the summation of those stresses, the permanent 1load
stresses, the calculated stresses due to the concrete temperature differences
at placement, and the calculatd shrinkage stresses are listed in Tables 3.2,
3.3 and 3.4.

Comparison of these tabulated stresses with the allowable stresses for a
concrete.with the minimum specified strength of 5000 psi shows that, at Sec-
tion A near Pier 5 (Table 3.2), only the stress at the top surface of the
Stage 1III construction, for the case of permanent load, full negative Tive
load, differential shrinkage, and a negative differential temperature of 15
degrees F, ig greater than the allowable tensile stress of 212 psi (3/?5') and
while that stress exceeds the allowable by a considerable amount, it is still
Tess than the likely stress for cracking. At Section B, the quarter point of
Span 4(Table 3.3), the live load stresses are small in comparison to the
differential temperature stresses. The effective centroid of the post-tension-
ing force is near the neutral axis, and thus, stresses due to permanent Toads
are smaller in absolute value than at the other two sections. The stresses
due to differential temperature are substantially the same as af the other two
sections, and thus, the resultant stresses under the dead load, live load,'and
differential temperature are significantly higher. Tensile stresses exist at

the top of the Stage II and III construction and at the bottom of the Stage
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ITI construction. The maximum tensile stress of 619 psi exceeds the cracking
strength of 531 psi (7.5 V?Z ) normally anticipated for this concrete. A similar
situation exists at Section C except that the maximum tensile stress, 517 psi, is
somewhat Tower.

From Tables 3.2 through 3.5 it can be concluded that for the condition of
permanent stresses, live load stresses, and differential temperature stresses:

1. The maximum tensile stresses are very local, reducing quickly with
depth in accordance with Priestley's fifth order parabola.

2. These high tensile stresses will be significantly reduced by any
cracking.

3. The stresses have been computed neglecting the concrete overlay, which
would have the effect of reducing extreme temperatures while simulta-
neously increasing overall stresses by contributing more area subject
to the extreme temperature.

4. The tensile stresses predicted here have no influence on the ultimate
flexural capacity of the bridge.

The strain distributions over cross-sections A, B and C, predicted by this
analysis, are compared with the results measured during Event No. 77 on 5 August
1982 in Figure 3.1b. The predicted stresses are converted to strains using an
effective modulus one-half the instantaneous modutus ($=1). The measured strains
are significantly greater than the predicted strains, particularly in compression

in the bottom fiber near the piers.

Observation No. 4 draws attention to large strains due to shear in the

bottom slab of the box girder near the support. The difference between the
strains indicated by gage 4 and those indicated by gages 3 and 5, for all three
sections, is taken as evidence of shear lag. Gage 4 was attached to the top
mat of deformed reinforcing steel in the bottom slab, whereas gages 3 and 5
were attached to the bottom reinforcing steel of the same slab. At Section A
for that difference in distance from the neutral axis, the ratio of the bending
stress at gages 3 and 5 to that at gage 4, for three different construction

stages, should be as follows:
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Stage I: ybcgcz36'7" yb3’5=2.5" y =15.8"

(ybcgc'¥b3,5)/(¥bcgc-yb4)=(36-7-2-5)/(36.7-15.8)=1,64

Stage II: ybcgc=59'2"
(ybcgc-ybc’s)/(ybcgc-yb4)=(59.2-2.5)/(59.2-15.8)=1.31
Stage II1I: ybcgc=71.4"

WheqeYpe,5/ YpegeYpa)=(71+4-2.5)/(71.4-15.8)=1.24

Thus, the bending stresses at gages 3 and 5 should overall be higher than that
at gage 4. Figures 21, 22 and 23 of the CTL report are reproduced in Appendix
E. [t can be seen that the differences cited above are sufficient to account
for the differences in results for gages 3, 4 and 5 for Sections B and C.
Figures 21, 22 and 23 also show CTL's predicted strains. Those strains are
less than the measured strains for all three gages and all three 1locations.
If the differences in the measured strains for gages 3, 4 and 5 were primarily
due to shear lag, it is reasonable to expect the strains predicted by beam
theory to be intermediate between those measured for gages 3 and 5 and those
measured for gage 4. When torsional effects are also considered, then it is
obvious that the strains of gage 5 should be greater than those at gage 3 and
the difference should diminish with increasing distances from the pier,
Finally, Poisson's effect due to vertical stresses caused by pier reactions
would also affect the gages at Section A. Those effects could amount to 15 to
20 per cent of the column stress. Thus, the difference in strains for gages 3
and 5 as opposed to gage 4 cannot be explained solely by shear lag.

Finding 4 refers to the method of analysis used by CTL to calculate the
deformations caused by creep, shrinkage and temperature, and it is claimed
that with the exception of the results for gages 3 and 5 there is excellent
“agreement between measured and predicted strains.  The CTL method of analysis
was presumably based on the enforcement of strain compatibility at the

interface between the different stages for the four different deformation
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conditions: instantaneous creep, shrinkage, and temperature, for which
independent relationships are described in the CTL text on page 26. CTL
developed a computer program for predicting the resultant strains. Details of
that program are not given. Without those details it is unclear how the
multiple construction stages were taken into account and which creep factors
were used when the concretes were of differing ages. Based on the corrections
made to measured strains to account for the observed differential temperatures
when succeeding stages were cast, it appears that flexural restraint effects

were also neglected.

Recommendation 1 states that "use of concretes with comparable elastic

properties will minimize strain or stress redistribution within cross-
sections.” The reason for that recommendation is unclear. The design of the
Denny Creek Viaduct relied on strain and stress redistribution for satisfac-
tion of the service load design criteria at all stages of construction and
service. A more appropriate recommendation would be for designers to state on
the plans or in the specifications precisely what assumptions have been made
in this regard and, therefore, what limitations should be imposed upon con-
struction schedules and concrete mix designs. |

The CTL report notes, page 23, that "measured strains cannot be used
directly to calculate stress levels because of time-dependent behavior and
redistribution of stresses caused by different end conditionsf“ [t is stated
that an iterative procedure was developed to estimate stress levels. That
iterative procedure is presumed to be the procedure derived from the
analytical method discussed with reference to Finding 4. A vital qﬁestion for
assessing the appropriateness of that procedure would be the sensitivity and
stability of the iterations to the accuracy of the assumed stress histary.

The CTL study used stress histories based on the erection stress calculations
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made by Dyckerhoff and Widmann and dated 22 June 1977. Those were the stress

calculations available to WSDOT at the onse£ of the CTL study. Some of the

limitations and assumptions are stated in Appendix C of the CTL report, which

15 reproduced in this report in Appendix E. During this study, it was found

that some construction procedures differed from those assumed in  the

Dyckerhoff and Widmann calculaticns, and not all of these Timitations were

considered in CTL's predictions of the stress histories. Changes were as

follows:

(A) The Tload on the tip of the cantilever, due to the casting of Stage I in
the span ahead of the point under consideration, was as§umed in the
erection calculations to be 518 kips. Revisions in the erection
procedure resulted in that Toad being 625 kips and in a 250 kip load
being applied to the tip of the cantilever prior to the casting of Stage
IT for the span under consideration.  Although both loads were temporary
loads, they must have caused at least some residual effect.

(B) The erection stress calculations assumed that Stage IIl construction
followed behind Stage II construction by two spans in a regular sequence.
In the actual construction, Stage III concreting lagged Stage Il by more
than two spans and the lag was not constant from span to span. At the
time Stage I and II were cast in Span 4, Stage III construction had not
progressed beyond Span I.  That lag would have a small effect on 'the
final stresses.

A more severe limitation than those changes in construction procedures is
the fact that the erection calculations did not account for time dependent
changes in support moments due to changes in the structural system and loss of
prestress. In the absence of additional information on CTL's iterative
procedure, it 1is impossible to assess the significance of such changes and

Yimitations in the assumed strain history for matching the predicted and
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measured strains. Further, the Dyckerhoff and Widmann erection calculations
grouped several separate events together in one step., Some ot those separate
events were not of a negligible character. For example, the Stage III false-
work truss at 211 kips was comparable in weight to the concrete in Stage 1!
at 477 kips. The dates on which the falsework were moved on and off Span 4
lie between the reddings shown in the erection calculations. VYet that event
is not refliected in the erection calculations separately from the concrete
placement event., The construction chronology taken from WSDOT's Resident
Engineer's records is shown in Appendix A. Comparison of that chronology with
the chronology assumed for the CTL study (Appendix E) shows that difference
clearly. These observations are made from the vantage point of hindsight and
considerable investigation. A stress analysis of sufficient detail to elimi-
nate most of the discrepancies between the stress history assumed by CTL and
the more likely stress history would be a major undertaking, Such an investi-
gation would be more comprehensive than the investigation undertaken for the
original design, and that for the erection review and the CTL report. It was
also beyond the scope of this study.

Equation 2, page 30 of the CTL report (Appendix E), defines a reduction
factor for creep dependent on the amount of reinforcement 1in the section.
Additional comments and/or an example are needed to clarify the application of
- that equation. The appropriate value for the specific creep factor is not
obvious when there are three concrete segments, all of roughly equal area,
having different ayes and different specific creep values, The CEB-FIP
Recommendations (2,6, 2.7) do not include a reduction factor on creep for
reinforcement and recommend use of a simpler, but more approximate, formuta

for reduction of shrinkage due to the presence of reinforcing steel.
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3.2. Extended Strain Histories

The strain histories presented in Tables Al, A3 and A5 of the CTL report
are reproduced in Appendix B of this report., Those strain histories were
extended by strains measured during the course of this study and the extended
histories are shown in Appendix B imnediately after the CTL data. Additional
readings were taken in this study on the following dates:

24 Qctober 1980

8 July 1981

23 July 1981 Live load tests, average of before and after readings

9 August 1981

i

9 Juiy 1982

12 July 1982

15 July 1982 through 14 August 1982

The CTL and University of Washington data provide a total of 89 separate
readinys spanning four years. Some of the readings taken under this study
were made late in the day, when the effects of differential temperature due to
solar heating of the top slab were present. These differential temperature
effects have not been removed, nor has the correction for the differential
temperature immediately after castiny the subsequent staye been remaved, as
was the case in the CTL report., As discussed previocusly, there is no ayreed
procedure on how best to select the specific creep factors to be used in
calculating the relaxation of the differential temperature strains. Neverthe-
less, it is apparent from Figures 3.2 through 3.16 that the data colliected in
this study conforms to the trends of the CTL data‘and that the endpoints for
the CTL data are representative of the final creep values obtained in the
bridge. It should be noted that the data taken on 24 April, 1 August, and 24
October 1980 were all obtained with a Carlson gaye measuring bridye  that

provided readings with only three significant digits. Thus, those readinys
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are all subject to approximately + 30 microstrain error. That reduced sensi-
tivity was traced to a broken connection for the bridge amplifier 1in the
readout devicé. The broken connection was repaired for the readings made
subsequently in this study. Some of the connections in the switch boxes were
damaged during installation of lead wires for the attempted automatic data
collection system. While those connections were repaired prior to the co]]ec-
tion of data in the summer of 1982, it is still possible that an additional
component of lead resistance was introduced by the alteration of the connec-
tion. Some of the gages operated intermittently and sometimes there was a

reappearance of signals from gages previously inoperative.
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3.3. Expansion Joint Movement

Movements of the superstructure with respect to Abutment 1 were measured
by the WSDOT Resident Engineer's staff during the construction period,
Details of the bearing at that abutment are shown in Figure 3.17. The Resident
Engineer's staff measured the displacement between the portion of the sliding
bearings attached to the superstructure and the portion attached to the abut-
ment. The nature of the bearings permitted a simple but relatively precise
measurement of the movement. Those measurements were continued in this study.
An attempt was made to compensate for the temperature component of those
measurements and thus measure the overall average creep and shrinkage shorten-
ing of the bridyge. This correction for temperature was complicated by the fact
that the fixed point, point of zero movement, for the bridge for axial strains
changed as the support conditions changed and was also dependent on the magni-
tude of the movement involved. This dependence of the location of the fixed
point on the magnitude of the movement was due to friction in the expansion
bearings. A column with an expansion bearing acts as though it were pinned to
the éuperstructure until the displacement of the top of the column has gener¥
ated a shearing force sufficient to overcome friction. Further superstructure
movement occurs at a constant friction force so long as the movement is in the
same direction, However, -when the direction of the movement reverses, then
the "pinned" condition is reestabiished. This action results in a shifting of
the fixed point, That shifting of the fixed point has been neglected in the
presentation of the resulting data on movement of the expansion bearings in
Figures 3.18 and 3.19. The total data, corrected to a constant temperature of
73 degrees F, are shown in Figure 3.18. Uncorrected data for a period during
the present study, when clear and sunny conditions prevailed, are shown in
Figure 3,1Y. The fixed point was assumed to be at Abutment 1 prior to release

of the sliding bearings at that location, at Pier 4 from December 1977 through
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May 1978, and at Pier 5 after December 1978. Examination of the corrections
for temperature indicates that a location between Pier 4 and Pier 5 is prob-
ably correct for the final condition. The only temperatures for which results
were reported prior to the summer of 1982 were the outside air temperatures at
the time of the Carlson observations. Those temperatures may or may not have
been representative of the average temperature of the concrete in the bridge.
For the data gathered during this study in the summer of 1982, there was a
movement of up to 6 mm (0.25 inch) between morning and afternocon readings oh
sunny days. The response of the structure to the daily temperature cycle is
c]early apparent in Figure 3.19.  The 6mmm (0.25 inch) movement represents a
change in the average bridge temperature of 2.4 degrees C. Data taken by
WSDOT staff prior to this study, and the data collected during this study, are

tabulated in Appendix C to this report.

3.4. Creep and Shrinkage Plots

In their study, CTL reported that creep and shrinkage data obtained from
tests in their laboratories on control cylinders taken during construction of
the bridge were plotted against time on a logarithmic scale in order to derive
values for the ratio of creep to elastic strain. The CTL data are tabulated
in Appendix D and plotted in Figures 3.20 through 3.25. Creep to shrinkage
strain ratios calculated from that data are also tabulated in Appendix D. The
creep coefficients at the completion of loading at 720 days varied from 4,14
for Stage Il concrete loaded at 28 days to 2.80 for Stage II concrete loaded
at 91 days. Further, there was a considerable difference in the modulus of
elasticity derived from the creep specimen results and that determined in the
modulus of elasticity tests reported in Table 2 of the CTL report. Differences
as large as + 30 per cent are reported when essentially similar results are to

be expected. Those moduli of elasticity results are summarized in Table 3.6.
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Figure 3.24. Time Development of Creep (CTL Data) Normalized by Equation 3.2
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Table 3.6. Modulus of Elasticity (ksi})

From Table 2 From Creep Data
(CTL Report)

Stage 1 Toaded

at 3 days 4240
at 4 days 3770
at 28 days 3300
at 27 days 4910
at 30 days 4610 3950
at 235 days 4500

Stage IT loaded =

at 3 days 4520
at 5 days 4930
at 28 days 5470 4560
at 90 days 4830
at 91 days 4390
at 220 days 4380

Stage III loaded

at 3 days 4430
at 8 days 4430
at 28 days 4940 4440
at 90 days 4700
at 92 days 4350
at 180 days 4510

The development of concrete cylinder strength with time is shown in
Figure 3.25 for all data reported by the CTL and the WSDOT Materials
Laboratory. Also shown in Figure 3.25 are the results predicted by standard
formulas (2.3). The Stage I and Stage II concrete for Span 4 contained a
superplasticizer, Lomar-D. The mix design and aggregate gradation are shown in
Table 3.7 for the concrete used in Spans 1 through 4 of the Denny Creek
Viaduct. The contractor was unab1e.to maintain adequate control of the qual-
ity of this mix and the mix was changed to one based on the use of Pozzolith
300N normal set water reducing admixture for later construction. It s

believed that the data reported for Span 4 reflect the problems with mix
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Table 3.7.

Concrete Mix Design

Type: Concrete, Class W {with LOMAR D superplasticizer)

Ingredient 1b per cy kg per m
Cement type I/11 660 390
Dry fine aggregate — 1345 800
Dry coarse aggregate 1720 1020
Water (amount varied) 220 130
Air entrainment agent (amount varied) 7 oz 210 cm
Water reducing agent {amount varied) 140 oz 4140 c¢m

Coarse Aggregate Gradation (Representative)
Sieve % Passing Specification
No. Opening {mm) Min. Max.
3/4" 19,10 9% 80 100
3/8" 9.52 16 10 40
1/4" 4.76 3 0 4
Fine Aggregate Gradation (Representative)
Sieve Per Cent Specification
No. Opening (mm) Passing Retained Min. Max.
4 4.76 98.3 1.7 95 100
6 89.4 82 g8
8 2.38 79.0 21.0 68 86
16 1.19 53.7 46.3 47 65
30 0.59 31.2 68.8 27 42
50 0.297 13.5 86.5 9 20
100 0.149 4.6 95.4 0 7
200 2.0 0 2
319.7

Fineness modulus
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consistency experienced on the job. Those problems may also be a significant
factor in the differences between measured strains and those predicted by CTL.
If the modulus of elasticity of the concrete is not known to better than + 30
per cent accuracy, then no better agreement between measured and calculated
strains can be expected. It is noted that in the shrinkage data, values for
approximately 800 days are less than those for approximately 450 days. That
variation could possibly be due to a disturbance of the reference, failure to
maintain constant temperature and humidity conditions or some other explana-
tion which is not a property of the concrete specimens tested. However, it is
more likely to be a property of the specimens tested. The creep data were

replotted after normalizing with respect to time using the formula proposed by

Tadros, Ghali and Dilger (2.5).

o/ ET 1029 (3.2)
d v 4.0+0.8T 5+ /%

modifying factor on creep for age at first loading

where kd

and t

age at first loading modified as required for

maturity to represent equivalent age at

70 degrees F

The resulting plots are shown in Figure 3.24. They do not show a significant
improvement in the agreement for concrete loaded at different ages. This lack
of agreement could be due to either inapplicability of the foregoing formula
or inappropriate scatter in the data being normalized. The amount of data
available is insufficient to discriminate between those two possibilities, but

the weight of evidence suggests that the basic cause is a lack of consistency

in the mix.

3.5. Comparison of Predicted and Measured CTL Strains

An attempt was made to circumvent the difficulties associated with the

lack of precise knowledge on the stress history of the structure by examining
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the differences in strain associated with a single significant event occuring
early in the loading history. An event was chosen where the structural action
was clear and it could be reasonably assumed that no extraneous or unknown
loads were acting on the structure. Strain differences between Events 8 and 9
of Table 1 of the CTL report were calculated. Table 1 is reproduced in
Appendix E of this report. Reading 8 was taken on day 21, prior to the
casting of Stage I for Span 5. The results for that load case are listed in

Table 3.8. Calculated values are those reported by CTL.

Table 3.8. Change in Strain (microstrain compression +) Between Events 8 & 9

Section A section B Section C
Gage No. Calc Obsvd Calc Obsvd Calc 0Obsvd
1 -53 459 -37 -64 -13 =27
2 -5 +4 +5 - +1 -4
3 +100 +7 +104  +56 +37 =23
4 +77 494 +97 466 +35 431
5 +100  -23 +104 +] +37 0
6 -10  -14 +5 <44 +1 =27
7 -53 -8 =37 -11 -13 0
8 -82  +23 -64  -24 -23  -51
9 -82  -45 -64  -40 =23 -37
10 -82 +5 -64  -37 =23  -40

Comparison of the calculated and observed data shows that there are
fundamental problems in either the observations or the calculations. Not only
are the magnitudes different but even the character {tension or compression)
is not consistent. Particularly noticeable are the results for gages 8, 9 and
10 at Section A. The observed magnitudes are considerably Tless than
calculated magnitudes but more importantly, the sign {character) of the strain
observed at gage 9 differs from that observed for gages 8 and 10. Those gages

are all in the same relative position in the section. The differences could
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be due to errors in the readings, errors in the gages, loads not properly
accounted for in the ca]cuTations, or mistakes in the analysis of the observed
data. | It is not possible to check the reduction of the raw gage data as that
material was not tabulated in the CTL report.  Any construction loads that
were not considered could probably be identified by reference to the WSDOT
inspector's daily diaries. A thorough review should be undertaken of the CTL
data, - and construction records checked before any firm conclusions are drawn

regarding redistribution of stress due to shrinkage and creep.

3.6. Conc]uding Remarks

This section of the study reviewed the data reported by CTL in their
submission of August 1981 and examined the appropriateness of the procedures
they'adopted for predicting their results. Erection calculations supplied by
WSDOT were also reviewed, the actual construction chronology compared with the
sequence assumed for the erection calculations, and the data collected in this
study used to extend the data collected by CTL.

There are several issues concerning CTL's comparison of predicted and
observed strains which cannot be resolved with information  currently
available. Those issues could be partly resolved with further analyses.
However, those analyses could be relatively costly and, when completed, still
be inadequate to resolve several of those issues. On the limited basis of the
observations made during the live load tests of 1981, it is concluded that it
is safe to assume the cross-section functions as a complete unit in resisting
applied live loads. However, the degree of redistribution of stress within
the cross-section due to creep and shrinkage cannot be determined from the
data available. In view of the uncertainties during design in the appropriate
values for creep and shrinkage factors, it is recommended that alternate

designs be prepared that account for variations of at least + 33 per cent in
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the ‘assumed values. The testing of concrete samples representative of the
mixes 1ikely 1in the structure will help define the mean about which those
variations should be taken but cannot significantly reduce the uncertainties

which should be associated with those values.
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4. LIVE LODAD STUDIES

This chapter describes the procedures and results of live load tests
performed on the Denny Creek Bridge immediately prior to its opening to
traffic. Those tests were performed on 23 July 1981. It was cool and
overcast, or foggy, during the test period and on the preceding day. Thus,
there were almost uniform temperature conditions in the bridge during the test
period. |

Static live loads, in the form of loaded gravel trucks, were applied at
the equnsion Joint in Span 7 and at the center of Span 4 of the bridge
(Figure 1.3). Truck weights and dimensions are listed in Table 4.1. Relative
deflections across the expansion joint were measured in Span 7 and strains
were measured at the three instrumented sections in Span 4.

The purpose of the test at the expansion joint in Span 7 was to measure
deflections of the cantilever slabs and to relate those deflections to the
deflections predicted from design data. The purpose of the Toad application
at the center of Span 4 was to confirm that the stage constructed cross-

section was acting monolithically in resisting the externally applied loads.

4.1. Test Procedures

4.1.1. Cantilever STab Deflections at Expansion Joint

Static loads were positioned so as to produce the maximum deflection of
the cantilever slab.relative to the girder webs. Loads were applied first
asymmetrically, then symmetrically, about the centerline of the box girder.
The load pattern in illustrated in Figure 4.1 and is also apparent from the
photographs of Figures 4.2, 4.3 and 4.4. Deflections were measured relative
to the unloaded side of the expansion joint in seven locations spaced across

the width of the bridge. Deflections were obtained using mechanical dial gages
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Table 4.1 Truck Weights and Dimensions for Live Load Tests

Truck No.:

Rear axle(s) kips
Front axle kips

Wheel base inches

Distance between rear
axles inches

Tread {outside) inches

Width of dual tires inches

1
6E15-10

25.0
14,5

192
50

92
21

2
6E30

19.3
9.1

150

91
20

3
6E32

20.75
8.75

147

92
21

4
6E15-8

26.5
14.0

192
50

g2
20

Table 4.2. Cantilever Slab Deflections (0.001 inches)

Gage No: 1 2 . 3 4 5 6 7
Initial 298 486 664 555 200 477 579
Trucks 3,4 328 493 670 559 200 443 489

Deflection +30 +7 +6 +14 0 -34 -90
Trucks 3,4 659* 493 G670 559 200 443 489
Trucks 1,2 592 465 670 562 206 448 492

Add'1 Defl. -67 -28 0 +3 +6 +5 +3
Trucks 1-4 592 465 670 592 206 448 4972
Final 652 486 664 819 199 477 577

Total Defl. +60 +21 -6 -9 -7 429 +85

*Gage reset after being disturbed
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Figure 4.2. Longitudinal Placement of Trucks at Expansion Joint
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Figure 4.3. Cantilever Slab Loading, Transverse Placement of Trucks

for Asymmetric Loading
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Figure 4.4. Cantilever Slab Loading, Transverse Placement of Trucks
for Symmetrical Loading

Figure 4.5. Set-Up for Typical Gage Reading at Expansion Joint
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reading to a least value of 0.001 inch, The typical gage set-up is shown in
Figure 4,5, (Gayes were read before positioning the loads, after positioning
the loads, and after removing the loads. Results are shown in Table 4.2 and

piotted in Figure 4.6,

4.,1.2. Center Span Loading

Trucks were positioned so as to produce maximum positive momemt at the
centerline of‘Span 4, The position of those trucks in the longitudinal direc-
tion is shown in Figure 4.,7. The applied test load caused moments at the
center of Span 4 calcﬁlated as equal to 65 per cent of standard AASHTO design
live load moment without impact. The procedures used to calculate the shear
and moments shown in Figure 4.7 are described in Section 4.2.2. Trucks were
placed symmetrically about the longitudinal centerline of the box girder, in
the  same relation to the bridge centerline as shown in Figure 4.1. The
Carison gages and Whittemore gages mounted inside the box girder were read
before positioning loads (initial), after positioning loads (loaded), and
after removing the loads (final), Concrete surface temperatures and air tem-
peratures were also measured., Results of these measurements are tabulated in
Tables 4.3 and 4.4, and strains are shown in Figures 4.9 and 4,10. The deflec-
tion at the center of Span 4 was measured using a theodolite sighted down the

interior of the box girder. The live load caused a deflection of 0.16 inches.

4.2. Calculated Deflections and Strains

4.2.1. Cantilever Slab

Deflection of the cantilever slab at the expansion joint in Span 7 was
calculated wusing an empirical distribution of wheel loads similar to the
distribution used in AASHTOQ Standard Specifications for Highway Bridges (1.1}

with an empirical adjustment to account for the fongitudinal discontinuity at
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the expansion joint. Calculations were made for assumed wheel Tloads and
positions which differed slightly from those actually applied in the test. The
éa]cu]ﬁtions of deflection were made using the gross section properties of the
slab including the overlay. No provision was made for the effect of the
barrier curb. Details of those calculations were presented in a previous
interim report for this study. The calculated deflection at the curb under
asymmetrical Tloading {2 trucks) was 0.129 inch due to slab deflection plus
0.010 inch due to rotation of the cross-section for a total deflection of

0.139 inch. The measured deflection at the curb line under the asymmetrical

test loading was 0.090 inch.

4,2.2. Center Span

Strains at the Carlson gage locations were calculated using the following

quantities:

1; End moments that were derived from a linear elastic displacement
analysis using gross section properties;

2. Stresses that were calculated from those moments using transformed
uncracked section properties for the cross-section and including the
overlay assumed to act monolithically with the deck; and

3. A modulus of elasticity of the concrete at the time of test of 4500
ksi. | That value was consistent with the values measured by CTL at
ages of approximately 250 days. |

Details of those calculations were given in a previous interim report for

this study. ‘Calculated strains are shown in parentheses in Figures 4.8 and

4.9.
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4.4. Concluding Remarks

From the results of the live load tests it is apparent that:

1.

3.

AASHTO design procedures for live load are conservative for box
girder. bridges of the dimensions encountered here.

AASHTO slab design procedures for live load are conservative for
the cantilever slabs of this box girder bridge.

The ability of the barrier curbs to distribute local wheel loads
should be considered in the design of the bridge.

Assumption of full participation of the stage constructed section

for resistance of live loads is justified.
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5. THERMAL STRESS STUBIES

5.1. General Remarks

Design of a prestressed concrete box girder bridge for stresses induced
by thermal gradients requires determination of the magnitude of the probable
maximum thermal gradient {i.e., the total difference between the top and
bottom surface temperatures of the section), the form of the resulting
variation in temperature through the depth of the section, and the appropriate
limit state. It is also necessary to determine appropriate combinations for
thermally induced effects and effects caused by other loadings.

. The magnitude of the total temperature difference between the top and
bottom surfaces of the section and the variation in that temperature with
depth must be related to the environmental parameters present at the site and
the geometry and material properties of the structure. Once those parameters
and properties are known, heat transfer theory can be used to predict the
variation in tempeature over the depth of the section.

Once the temperature distribution is specified, the stresses caused by
that distribution can be determined using customary methods of analysis.
Generally, those analyses assume a homogeneous, isotropic, Tlinear elastic
material. The qualitative changes in the magnitude of the stresses caused by
differences between the idealized conditions and those present in the actual
structure should be considered in any interpretation of the results of such
an;Tyses. In particular, cracking of the concrete may lead to a significant
change in the moments induced by thermally imposed curvatures.

Ideally, it is desirable that there be a relatively uniform risk of
failure due to all loading combinations considered in the design of a bridge.
Theoretically, that approach leads to the most economical design over the life

of the structure. However, the consequences of the occurrence of the various
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limit states which may be interpreted as "failure" are not of equal
significance and therefore should not be given equal weighting. For example,
the occurrence of the limit state of cracking is far less serious than the
occurrence of the limit state of collapse. Nevertheless, cracking can lead to
collapse, 1if that cracking affects the durability of the structure, or stress
range, and therefore, the fatigue strength of the reinforcing steel. A quan-
titative determination of the loading combination appropriate for relating
the significance of the thermally induced stresses to the stresses induced by
other loads is beyond the scope of this study. However, that relation must be
considered qualitatively in any interpretation of the results presented in
this study.

This chapter describes the results of an investigation into the stresses
caused in the Denny Creek Viaduct by variations in temperature over the depth
of that bridge. The data collected during that investigation are described
and related to environmental parameters given in standard weather data for the
nearest official weather station. The analytical procedures available to
predict the temperature distribution caused by those environmental parameters
are then discussed and the temperatures measured in the Denny Creek Viaduct
are compared to the results predicted by those procedures. The stresses
resulting from a temperature distribution similar to that proposed by
Priestley in Reference 1.6 are evaluated and the strains, assuming linear
elastic behavior, compared with the strains measured in the bridge. The
dominant overall concern 1in this study of the Denny Creek Viaduct was

prediction of the stresses caused by thermal gradients.

5.2. Data Base

The original plan for this investigation called for the establishment of

a weather station at the bridge site and a comparison of the results recorded
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by that weather station with the nearast official weather station data. The
objective was to see if the Tong-term data available for the official station
were representative of the local weather conditions. The strains and concrete‘
temperatures in the bridge and the site weather conditions were to be
monitored by automatic recording equipment on a regular 2-hour schedule, The
automatic data collection system failed to operate as ptanned and as a
result, the strain and temperature data collected at the site were limjted to
45 full sets of Carlson gage readings collected manually between 9 July and 14
August 1982. The Carlson gages were those installed previously by CTL. The
45 full sets of readings were supplemented by hourly readings on the gages of
Section B taken on 5, 7, 13 and 14 August. Those hourly readings were taken
during the day only. Ambient air temperatures inside and outside the the box
girder and interior concrete surface temperatures were measured simultaneously
with each set of Carlson gage readings. Inside air temperatures were measured
with a laboratory type mercury thermometer graduated to 0.1 degree C. Outside
air temperatures were measured with a pocket mercury themometer prior to §
August 1982, and with a thermocouple after § August 1982. Both instruments
gave readings to the nearest 1 degree Celsius. Concrete surface temperatures
were measured with a thermocouple. The ocutside ambient air temperature
readings were taken by suspending the thermometer, or the thermocouple probe,
below the soffit of the bottom slab through a drainage hole lTocated near Pier
4. That position was shielded from direct solar radiation. Outside air
temperature and total wind run were measured continuously at a Tocation
approximately 300 feet southwest of Abutment No. 1 usi?g a portable weather
station furnished by WSDOT. This instrument included a spring-ériven chart
which céu]d be read to the nearest 1 degree Farenheit. Wind velocity was

obtained as the average run for a given hour or longer period. Measurements
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of the overall expansion and contraction of the bridge at Abutment No. 1 were

also made as described in Chapter 3.

5.3. Weather Data

Stampede Pass was the nearest national weather station site to the Denny
Creek Viaduct site. Long term weather records for the Stampede Pass station
were obtained from NOAA publications (5.1). The Stampede Pass weather station
is situated at the top of a mountain pass adjacent to Snoqualmie Pass, is 12
miles SSE from the bridge site, and is at an elevation of 3958 feet above MSL.
The instrumented span of the Denny Creek Viaduct is at an elevation of 2560
feet above MSL. The Stampede Pass station is subject to the same governing
climatic influences as the bridge site, and therefore, the long-term range in
climatic conditions for that site can be expected to be indicative of the same
range for the bridge site. The weather conditions for the bridge site and
Stampede Pass were correlated graphically for the time period covering the
observations. This correlation is illustrated in Figure 5.1.

It was noted that while there were considerable differences in
instantaneous wind and temperature conditions at the two sites due to the
Tocal variability of weather conditions in mountainous terrain, the mean
trends for the two sites were similar. The validity of the use of the
Stampede Pass data to represent long-term weather conditions for the Denny
Creek Viaduct site can be judged with reference to the principal parameter
used in this study, the deviations of the daily maximum or minimum air
temperature from the 2-day running mean air temperature. Since this parameter
is representative of the general weather conditions, it is used to derive the
probable scenarios for extreme temperature conditions. The conditions of

cloud cover and average wind velocity leading to these extreme conditions can
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then be inferred from the conditions accompanying the extremes at the Stampede
Pass station.

The deviations of the daily maximum and daily minimum air temperatures
from the 2-day running mean air temperature at the Stampede Pass sta;ion for
1980 and 1981 are illustrated in Figures 5.2 through 5.5. The deviations of
the daily maximum and minimum air temperatures from the 2-, '3- and 7-day
running means for 9 July 1982 through 16 August 1982 are illustrated in
Figures 5.6 and 5.7, It may be observed that, while there is little
difference between the deviations from the 2-day and the 3-day running means,
the deviations from the 7-day mean are considerably greater than those from
the 2- and 3-day means. The results of the heat flow studies indicate that
the deviation from the 2-day mean is the appropriate parameter for sections of
the thickness generally encountered in bridges. The time period to be
selected for the appropriate running mean is governed by the thickness of the
sections considered. Since the running mean temperature defines the initial
temperature va]ues for the transient heat flow analysis, Tlonger periods for
the running means would be appropriate for thicker sections. In the 1limit,
the deviations from the Tong-term mean annual temperature may be appropriate.
The mean and extreme temperatures for the Stampede Pass station are illus-
trated in Figure 5.8, along with a curve representing the sine curve of best
fit to the mean monthly temperatures for the 38 years of records at that
station. From Figure 5.8 it can be concluded that the deviations of the
extreme temperatures for each month are in the range of 3 to 4 times the
difference between the mean maximum or mean minimum and the mean monthly
temperature except for the month of December. That trend suggests that the
deviation is a random variable. Examination of the detailed daily records for
the dates of the December extremes shows that those temperatures occurred

during periods when the running means were also at extreme values. It is
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Stampede Paes Air Tamparcture 1981
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Figure 5.4. Deviation of Maximum Daily Air Temperature from 2 Day
Running Mean, Stampede Pass 1981
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Figure 5.5. Deyiation of Minimum Daily Air Temperature from 2 Day
Running Mean, Stampede Pass 1981
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Stampade Pase Air Teamperature 1982
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Figure 5.6. Deviation of Maximum Daily Air Temperature from 2 Day
Running Mean, Stampede Pass 1982
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Figure 5.7. Deviation of Minimum Daily Air Temperature from 2 Day
Running Mean, Stampede Pass 1982
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therefore postulated that the deviation of the daily maximum or daily minimum
temperature from the 2-day running mean air temperature may be taken as a
random variable for purposes of estimating the probability of occurrence of a
given value of that deviation.

From detailed examination of the Tong-term weather records for Stampede
Pass and from consideration of the weather patterns characteristic of this
area, it 1is apparent that there are two scenarios that can produce extreme
differential temperature conditions in the Denny Creek'Viaduct. The typical
summer condition leading to the development of significant differential
tempekatures is the onset of warm clear weather following a period of cool
overcast weather. That weather pattern is typical of the Cascade Mountains
and occurs three to four times each summer. [t was noted in this study that
there 1is a significant daily variation in the pattern of bridge temperatures
during clear summer weather due primarily to the influence of solar radiafion.
Since the rate of heat input at the deck is greater for solar radiation than
for other means of heat transfer, it is clear that the summer conditions will
produce a greater "positive" differential temperature, in the sense of the top
surface being warmer than the bottom surface, than will weather patterns which
occur at other times of the year.

By contrast, the worst "negative" differential temperature condition can
be expected during winter months when the passage of a cold front causes
“relatively warm stormy conditions to be succeeded by clear cold conditions.
This frontal passage is oftén accompanied by a sharp drop in the air
temperature and strong winds. Even though the days are clear, they are short
and therefore the solar radiation input is small compared to the input for

summer conditions.  Further, because of the longer nights, the radiative heat

losses are at a maximum.
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From the foregoing analysis of Tong-term weather records, it was
concluded that there would be two extreme cases of input conditions for a heat

flow analysis to determine the maximum probable differential temperature

stresses in the bridge:

(1)  Summer conditions result in a maximum positive differential
temperature condition with the deck temperature greater than the bottom slab
and web temperatures. This scenario starts with a uniform air temperature,
overcast sky, and an outside air temperature varying between the daijy minimum
and the mean daily maximum temperature. The sky clears and the daily maximum
air temperature then begins to increase, rising from the mean monthly
temperature plus 1.5 times the deviation of the mean maximum from the mean
monthly temperature on the first day to the mean plys 2.5 times the deviation
on the second day and the mean plus 3.5 times the deviation on the third day.
A minimum daily air temperature equal to the mean monthly minimum temperature
occurs  just before sunrise each morning.  The maximum daily air temperafure
occurs at about 3:00 PM in the afternoon, 1local time. The sky remains clear
and solar radiation is adjusted for the local topography, orientation and
other site conditions. The wind velocity is 5 mph except for the influence of
traffic on the deck, which must be considered by assuming a coefficient of
surface heat transfer for the deck corresponding to a wind velocity of 40 mph.

(2) Winter conditions result in a negative differential temperature with
the deck colder than the webs and bottom slab. This scenario also starts with
overcast skies. The air temperature is near the mean monthly December
temperafure. The sky clears near sundown and the air temperature drops 10
degrees F per hour until a temperature equal to the mean monthly temperature
less 3.5 times the deviation of the mean minimum from the monthly mean' is

reached. The wind velocity is 20 mph.
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These two worst case scenarios represent extreme temperature conditions
and result in changes in concrete temperature at the Denny Creek site similar
to  those reported by Priestley.  The changes are a maximum of 440 degrees F
and a minimum of -15 degrees F difference in temperature over the depth of the
bridge for the positive and negative differential temperature cases,
respectively. Those values are derived from the scenarios described above and
are, a priori, applicable only to the Denny Creek site. For other sites, they
should be verified o; modified after a study of available weather data and

local weather patterns before use in design.

5.4. Heat Flow Studies

5.4.1. Equations

The basic partial differential equation for heat flow in a homogeneous.

isotropic solid is

su_1., :
i | _ (5.1}

‘where u = u{x,y,z,t) = temperature at point x,y,z at time t

Kk = diffusivity
2. _ ¢9%u | 3%u . 3%u

The form of the bridge superstructure is such that the temperature
distribution at any time can be taken as uniform along the 1length of the
bridge since the cross-section is uniform except at the piers. Zichner {2.34)
has shown that for bridges similar to the Denny Creek Viaduct, the variation
in the temperature perpendicular to the longitudinal axis of the bridge is of
significance only at the junction of the web and top flange. It is thus

considered that the temperature distribution within a given cross-section can
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be characterized by developing the unidimensional distribution through the

depth of the structure for the three vertical sections shown in Figure 5.9,

12 3

| | !

1 N/
3

Figure 5.9. Sections for Temperature Distribution Calculations

Section 1-1 is taken at the mean thickness of the cantilever slab, Section 2-2
is taken at the web, and Section 3-3 is taken through the central box section.
These assumptions reduce the governing partial differential equations to the
unidimensional heat flow equation for a slab if, for Section 3-3, the response
for the top and bottom slabs is considered separately, and the interior air
temperature 1is taken as a known function of time. The unidimensional heat

flow equation for a slab is

%=KW 0<x<] (5'2)

That equation is subject to the following boundary conditions:

-k + hu_, = f(t) (5.3a)
Hxx:o x=0 1
au
- = 03b
k a)()(:.l hu =1 fg(t) 7 (5 )

and the following initial conditions:
u(x,0) = g(x) (5.4)

where k = thermal conductivity

x = distance from the upper surface of the slab
1 = sTab thickness )
h = surface coefficient of convective heat transfer

1

and f,, f, = general functions of time
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5.4.2. Closed Form Solutions
" Closed form solutions to Equation 5,2 for various boundary conditions
have been discussed by Carslaw and Jaeger {5.2). Solutions are available only
for simple boundary conditions and even those solutions are lengthy
expressions. Consider the case of a slab for which one face is maintained at
a constant temperature while the temperature of the opposite face undergoes a

sinusoidal variation with time. That situation is represented by the equation

Ug = Kug o 0 <x <1
where u(l,t) = sin{wt +¢)}

u(0,t) =0

u(x,0) =0
t = time
w = radian frequency = 2m/T
T = period

and € = arbitrary constant

This solution is valuable for gaining insight into the problem of developing a
suitable solution for the bridge problem and identifying the influence of the

differing variables that are part of the equations. Carslaw and Jaeger give

the solution as

u(x,t) = A sin {wt +¢c + ¢) +
o n(-1)" (kn?n? sin e - wl? cos &)
ah nzl kIt o+ 21" X (5.5)
sin I%Qi e-anﬂzt/]z
where ¢ = time lag
A = amplitude

A further simplification in Equation 5.5 is possible by expressing the
amplitude A and the time lag ¢ as the ratios of those quantities for a given
depth from the unheated surface to the surface amplitudes for the same

quantities for steady state conditions. The amplitude ratio, A, is given by
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A - lsinh (Ex(1+1)f . ///E;;h 2kx - cos 2kx (5.6)
sinh  (k1(1+1) cosh 2kl - cos 2k] )
where E = //QE = the "wave" number

2K

and the time lag, ¢, is given by

sinh_ (kx(1+1)

LR s (k1 (147 ) (5.7)

The velocity, v, of Propagation of the peak temperature, or any other point on

the cycle, through the depth is given by

Vo= V2 | (5.8)

These concepts were applied to the top slab of the Denny Creek Viaduct.
The mean thickness of that slab over the interior cell is approximately 0.40 m
(15.7 in).  The variation in the amplitude at the depth of the Carlson gages
Nos. 8-14 in the slab (0.12 m) (4.7 in) to the surface amplitude, and the lag
times at that depth were predicted to be as shown in Table 5.1 for a kange of
diffusivities. The period for the variation in surface temperatures
was 24 hours. The values Tisted in Table 5.1 are not sensitive to the slab
thickness for thicknesses greater than that assumed, and therefore temperature
amplitude ratios and the phase lag for the top gages in the slab of the
Viaduct should be able to be represented by such a calculation. The charac-
terization of the top surface boundary candition as a sinusoidal variation in
surface temperature and the lower surface boundary condition as a constant
temperétﬁre i reasonably representative of the conditions for the Denny Creek

Viaduct when weather conditions have been stable for three or four days.
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Table 5.1.

Effect of Diffusivity on Amplitude Ratio and Time Lag

at x/1 = 0.28 m/0.40 m

Amplitude
Diffusivity Ratio Time Lag
0.6 x 10 m%/sec 0.395 -3.61 hrs
0.8 " 0.455 -3.13 hrs
1.0 . 0.502 -2.76 hrs
1.6 ! 0.589 -2.02 hrs
2.4 " 0.641 -1.46 hrs
3.2 " 0.665 -1.13 hrs

The influence of the different variables on the resulting surface
temperatures can be studied simplistically by considering the equation for
steady state heat flow through a slab under the influence of a constant
radiative heat input at the upper surface. Suppose the upper surface of the
slab s in contact with a fluid at a given temperature and the lower surface

is in contact with a fluid at another temperature. The variables for this

condition are illustrated and defined in Fiqure 5.10.

sy h u
f _ Y% o fo upper surface
J‘ k xr 1 7
\ - ! lower surface
i Us

a=absorptivity; qsr=soiar radiation; u0=temperature of upper surface;
h=surface coefficient of convective heat transfer; u =

.= fluid temperature;
k=conductivity.

Figure 5.10. Slab with Radiative Heat Input
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The heat flow balance for the steady state condition can be expressed as

@q.,. = ho(uo - U )+ u’(uO ) (5.9)
o1 kh;
where U’ = T, 1 ~ T+ {5.10)
k h, 1

The heat absorbed at the upper surface is partly lost to the fluid at that
surface by convection and partily conducted to the Tower -surface where it is
lost to the fluid there by convection, It is assumed that the fluids are
alwayslseparated by the slab and remain at a constant temperature.
Sqlving Equation 5.9 for the upper surface temperature gives:
a9, + houOGD + U,

u = 5 i
o hO +u (5.11)

In the transient state, prior to achievement of steédy state conditions, the
temperature gradient at the upper surface will always be greater than the
steady state gradient, and thus the heat flow rate into the slab will be a
larger portion of the total radiative input than in the Steady state, In any
event, the surface temperature given by Equation 5.11 will be the maximum
temperature attained under the stated conditions, ahd Equation 5,11 can be
utilized to study the brobable upper timit for surface temperature over the
range of thermal properties and ambient conditions lfkely to be encountered,
Temperatures given by Equation 5.11 will be greater than those observed in any
real situation because the radiative heat input, due to solar radiation, is
not constant over the times required to achieve steady state conditions for
concrete bridyge s]abs, nor is the ambient air temperature constant over the
same time span.

Closed form solutions to the unidimensional heat flow equation for simple

boundary conaitions and qualitative expressions obtained from steady state
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heat flow balance considerations are useful for studying the relative
influence of various parameters. However, those solutions and expressions are
not adequate to address the differential temperature problem for bridges. 1In
that case, the boundary conditions are not amenable to simple expressions, and
they change with sufficient rapidity so that steady state conditions are not
attained. To overcome those constraints, it is necessary to resort to a
numerical solution of the partial differential equations as discussed in the

next section,

5.4.3. Boundary Conditions for Denny Creek Viaduct

The numerical solution of the heat flow problem for the Denny Creek
viaduct first requires establishment of the boundary conditions. The boundary
conditions influencing the heat flow into and through the slab for Section 3-
3, Figure 5.9, of the Denny Creek Viaduct include the ambient air temperature
at the upper and lower surfaces, the effective sky temperature, the solar
radiation, the absorptivity and emissivity of the upper surface, and the
surface coefficients of convective heat transfer, The absorptivity,
emissivity and surface coefficients are also properties of the material but
are discussed in this section because they infiuence the boundary conditions.

The boundary condition at the upper surface of the slab is derived from the

heat flow balance at the surface and is given by

b 3
h(u, - u o) *+a a . ~eo(u’ o - uy )= 0- Kk 55 (5.12)

sr sky

where k surface coefficient of convective heat transfer

at the upper surface

h = surface coefficient of convective heat transfer
at the lower surface

o = adsorptivity of the upper surface {short wave
radiation)
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(W]
1]

emissivity of the upper surface'(long wave

radfation)
¢ = Stephan-Boltzmann constant
qsr = solar radiation (direct and diffuse)

[

and usky effective sky temperature for long wave radiation

The outside ambient air temperature may be taken from measured values or
prescribed as a continuous function of time, The inside air temperature may
also be taken from measured values or prescribed as a continuous function of
time. It was found in this study that the inside air temperature did not vary
significantly on a daily basis and could be taken as the same as the 2-day
running mean of the outside air temperature. It is apparent from Equation
5.1i that the maximum upper surface temperature is not sensitive to variations
in the interior temperature for ranges of h likely to be encountered in
concrete bridges. The ventilation rate or ratio of the total cell volume to
the area of the openings in the cell walls, top and bottom, 1is the most
important determinant of the relation between the inside and outside air
temperatures. The ventilation rate for the average box girder bridge is very
large, corresponding to little opportunity for exchange of air between inside
and outside. The venti}ation rate for Frame 1 (Abutment 1 to Expansion Joint
2) of the Denny Creek Viaduct was estimated as 7,100 ft3/ftZ. One practical
conclusion readily apparent from this study is that differential temperature
effects could be reduced substantially by improving box girder ventilation,
The Denny Creek Viaduct has a form ideal for application of that concept on
ventilation. Since the bridge has a marked slope and a critical “event is
associated with a heated upper surface, and a cool interior box, ventilation
at the lower and upper levels of the Viaduct would allow cold entrapped air to
exit from the lower ventilation port and warm outside air to enter through the

upper ventilation port.
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The surface coefficient of convective heat transfer of the upper surface
is dependent on the average wind velocity over the time ﬁeriod considered,
That velocity can be a function of time if its variation is known. However,
in this study it was observed that for the Denny Creek Viaduct, the traffic
flow was such that during a summer time event, reyardless of the ambient wind
velocity, there was an almost constant stirring of the air immediately above
the deck by the traffic. For the winter event, where weather conditions
elsewhere may determine the traffic flow, there may not be the same degree of
constant stirring, Most investigators of thermal stresses in bridges have
assumed minimal wind velocities to derive maximum temperatures. The
anticipated traffic volume should be considered in selecting the surface
coefficient of convective heat transfer for the deck. Account should be taken
of the average traffic speed and frequency of vehicle passage. It is
recommended that the “apparent" wind velocity be the vaiue intermediate
between ambient wind velocity and the traffic speed, The surface coefficient
of convective heat transfer for the upper surface may then be calculated using
the expression given by Zichner (2.,34).

The surface coefficients of convective heat transfer for the outside
suffaces not influenced by traffic will depend upon the ambient wind velocity,
the orientatﬁon of the surface (i.e., .the direction of the outward pointing
normal to the surface), and the expected direction of the heat flow. The
values that have been reported by different investigators differ markedly with
test conditions, [t is recommended that the values given in Sucec (5.3},
Hoiman (5.4), or ASHRAE (5.5) be used, The effects of these coefficients on
the overall temperature distribution are not sufficient to warrant a detailed
examination of their appropriate values. It is recommended that the value for

a downward-faciny horizontal surtace for upward heat flow and moderate (5 mph)
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wind velocity be used,

The absorptivity of the upper surface is the proportion of incoming
radiation which is absorbed by, as opposed to refiected from, the slab, The
absorptivity of a surface depends on the material, the texture, and the color
of that surface, Higher values of absorptivity are associated with rough,

dark-colored surfaces than with smooth, light-colored surfaces, Thus, the

concrete darkens, A light-coloreg curing sealer, such as the white pigmented
curing compound frequently used on concrete bridye decks, can be expected to
s1gn1f1cantly reduce absorpt1v1ty at early ages. However, that sealer is worn
off 'quickly by traffic. It is recommended that absorptivity values in the
range between 0.5 and 0.85 be used for concrete surfaces, Those valuyes are
appropriate for the wave lengths of tight, where most of the energy of solar
radiation is concentrated.

The emissivity of a given surface is the ratio of the heat radiated by a
unit area of the surface of that material to the heat radiated from a unit
area of the surface of a perfect “black" body when both objects are radiating
into space. For a bridge, the emissivity is dependent on the texture of the
slab and on the wave length of the outgoing radiation. The wave'length of the
outgoing radiation lies in the infrared region of the spectrum for bodies at
normal atmospheric temperatures, The emissivity of common building materials
ranges from 0.75% to 0.95, Appropriate values for emissivity for d1fferent
conditions are listed in Section (5.3).

The .appropriate solar radiation input for any given site can be
determined from the latitude, longitude, day of the year, orientation of the
surface, and the atmospheric conditions prevalent at that site on a given day.
All  those parameters are deterministic except for the atmospher1c conditions.

The atmospheric condition with the dominant influence on solar radiation is
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the amount of moisture in the atmospheric column. That moisture can be in the
form of water vapor or clouds. Details of this influence are discussed by
Raphael {5.6). Theoretical values for solar radiation that depend only on the
geographic location, time of year, and the site elevation are given by Duffie
and Beckman (5.7). The influence of the local topography must be considered
in mountainous terrain such as the site of the Denny Creek Viaduct. The
resulting net values of solar radiation, including outgoing long wave
radiation, are shown in Figures 5,11 through 5.13 tor Span 4 of the Denny
Creek Vfaduct for December 21, July 15 and August 5. These diagrams 1illus-

trate the large differences in the amount of daily heat input for a clear

summer day and a clear winter day.

5.4.4, Numerical Solution

The complexity of closed form solutions to heat flow problems, and the
Iimited range of boundary conditions for which such solutions are available,
make numerical solutions the oniy practical procedure for heat flow studies
for concrete bridges, There are in general two methods for solving the
parabolic partial differential equations for heat flow by numerical means,
These are the explicit and implicit methods described by Gerald (5.8).

The explicit method projects the situation at the next time step from the
known conditions for the current time step. The explicit method is
straightforward and relatively simple. The one-dimensional heat flow partial

differential equation 1is solved by replacing the partial derivatives by

finite-difference approximations:

i+l _ At i i At i
Y o (U g ) 4 (1-257 ) u, (5.13)
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Theoretical Solar Radiation for December 21

127




Solar Radiation for Jul 15
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Theoretical Solar Radiation for July 15
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Solar Radiation for Aug 05
——r———

lm Il'll!‘ll'l 'l‘ll‘
[ eeeres l-"\sw.
= = Short wava )
———otal
N
&
\
=
3
A
$
]
5
3
3
-y
-200 L llljl.lllllllltllJ_lCl
=
T 8§ § § @
oy =1 ™
Surriee 433 Loss w -3 8 Ml/n‘2
1524 1 - /m"
Suneat psT Insolation 22,3 Kl/a"2
Figure 5.13.

Theoretical Solar Radiation for August 5
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The superscripts (j) denote the time step and the subscripts {i) denote the
spatial increment,

The stability of the explicit method is, however, dependent upon use of a
sufficiently small time step. This time step is related to the size of the
spatial increment and the thermal diffusivity of the material. The upper

iimit of the time step size for stability is

(5.14)

when there are prescribed temperatures on the boundaries and less when there
are derivative boundary conditions. The small time step required for
stability with the explicit method often makes that method too slow for
economical solutions of practical problems, such as the one addressed in this
study.

The  Crank-Nicholson method is an implicit method in  which the
temperatures for the next time step appear in the heat flow equations as
unknowns. This method entails the repeated solution of a set of linear
equations to determine the temperatures at the end of the next time step.

These equations are

j+l i+l J*l _ J J
Srui_q+ (24 2r) us TPy, S ruy g+ (2 - 2rjuy + ruj,; (5.15)
S
where r = Xz

The first and last equations are modified to account for derivative boundary

conditions (i.e,, the prescribed heat flow conditions),
Stability is guaranteed for any positive value of the ratio r, but the

equations can be yreatly simplified by the choice of r=1, This choice leads
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to inconvenient values of the time step or spatial increment and is of no
particuiar use when the equations are set up by a compdter program, It is
more convenient to choose an even time step and spatial increment. Gerald
(5.8) has developed a computer program for solving the one-dimensionai
parabolic partial differential heat fiow equation by the Crank-Nicholson

method. That program was used for this study.

5.4.5, Thermal Properties of the Concrete

The relevant thermal properties for the concrete in +the Denny Creek
Viaduct were taken from the literature. Neville {5.9) gives a range of
properties which are suitable for this study. The work of Brewer (5.10),
Campbell-Allen and Thorne {5.11), Whiting, Litvin and Goodwin (5.12), Lentz
and Monfore (5.13), Mitchell (5,14) and Rhodes (5.15) were consulted, but
since data were not available on the mineralogical content of the aggregates,
no better estimates than those given by Nevitle could be made. The relevant
thermal properties for the concrete are the density, p, the conductivity, k,

and the specific heat, c¢c. These properties combine in the relation

K = X (5.16)

to give the diffusivity, K. Except for density, direct measurement of these
thermal properties.requires specialized procedures, Facilities for making
such tests are not generally available, Conservative values for those proper-
ties were therefore taken from the literature. That approach insures that the.
diffusivity is at a minimum.

The conductivity of concrete is a function of the mineralogical content
of the aygregates, the moisture content, the paste to ayyreyate volume ratio,

the type of cement, and the temperature of the concrete, The mineraloygical
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content 1is the single most impurtant factor determining the conductivify.
Neville (%.9) gives the following ranyge for conductivity for normal weight
concrete exposed to the weather:

1.44 < k W/{m® dey C) < 3.68
Mitchell (5.14) gives a range from 1.4 to 4.3 for conductivity.

According to Neville (5,9), the specific heat varies with the same

parameters as follows:

0.8 < ¢ KJ/{ky deg C) < 1,2
The density of the concrete in the Denny Creek Viaduct was taken from the
Resident Engineer's records and verified by weighing and measuring cylinders
found at the site. The density was approximately 2.44 t/m® (152 Ib per ft '),
Allowance for the weight of embedded reinforcing steel would raise this to

P

2.57 t/m® (160 1b per ft’).

The parameters that determine the conductivity and specific heat also
determine the diffusivity. However, the range in values for the diffusivity
is less than that predicted from the ranges for conductivity and specific
heat, since the factors which lead to a greater conductivity wusually
contribute to a gfeater density and specific heat, Therefore, for this study
the diffusivity of the concrete in the Denny Creek Viaduct was taken as 0.7 x

10 m?/second. That is the lower value of the range of values reported in
the literature. Neville cites that range as

-6 -6
0.7 x 10 < m?/sec < 1.4 x 10

The smaller the conductivity and diffusivity values, the greater are the

predicted thermal gradients.

5.4.6. Results of the Heat Flow Studies
Heat flow studies were made Lo predict the temperature distributions

Meéasured 1in the Denny Creek Viaduct. Those heat flow studies used as input
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the environmental parameters discussed previously. The period from 2 August
through 7 August 1982 was used for a calibration study. This period began
with  cool weather and overcast skies which produced nearly uniform
temperatures throughout the bridge. The sky cleared on 4 August and remained
substantially clear through 7 August. The daily range in air temperatures at
the site rose from 6 degrees F on 1 Auyust to 31 deyrees F on 5 August, and
remained at 30 degrees F for 6 and 7 August.
On the morning of 2 August the average measured bridge temperature was
52 degrees F (11,2 degrees C) and that value was taken as the initial
temperature for the calibration study. The outside and inside air temperature
boundary conditions were also taken from theoretical values, vmodified for
cloud céver as reported by the Stampede Pass weather station. These boundary
conditions were discussed previously in Section 5.4.3 and are jllustrated in
Figure 5,14 as a plot of these environmental parameters versus time., Differ-
ing values for the coefficients of conductive heat transfer for the deck and
shaded surfaces and for the diffusivity were input in the numerical soclution
| procedure, and those values which gave the best fit with the measured concrete
temperatures for the top slab gages (Nos. 8-14) were determined. The varia-
tion in the measured and predicted concrete temperatures with time are shown
in Figure 5.15. The predicted values are those for which best agreement was
obtained with the test values for differing reasonable combinations of
absorptivity, emissivity, and diffusivity. The values of the latter proper-
ties are shown in Figure 5.15. The peak temperature predicted for 5 August is
in good agreement with the peak temperature observed , and the daily range
predicted for both 5 August and 7 August is in 4Jood agreement with the
observed range, However, the values of the observed temperatures for 7 August
are from 4 to 6 degrees C less than the predicted temperatures. The results

show that the concrete temperatures for the night of 6-7 August were surpris-
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ingly warm compared with those for the previous night. The occurrence of that
anomaly was checked by examining the Stampede Pass air temperature record for
6-7 August. The occurrence of a warm night was also contirmed by that record,
No explanation for the discrepancy between measured and predicted results for
7 August is apparent from the data. [t should, however, be noted that the
times of the measured maximum and minimum temperatures were in good agreement
with the predictions for those times.

Based on the results of these calibration studies, it is concluded that
the model developed here will predict temperature distributions in the Viaduct

with  sufficient accuracy for design purposes, once the controlling

environmental boundary conditions are established.

».5. Calculation of Thermal Stresses from a Given Temperature Distribution

There are many methods available for calculation of the stresses from a
given temperature distribution. The CTL report utilized Mattock's procedure
(2.2). Based on comparisons of the measured strains and measured
temperatures, the wuse of Priestley's procedure (1.6) is recommended here.
Mattock's procedure was developed originally to calculate stresses due to
differential shrinkage between composite slabs and precast girders, Its use
is discussed in the CTL report. The procedure requires calculation of the
average temperature of the top slab and the average temperature of the webs
and the bottom slab. The equivalent strain differential caused by those
temperatures 1is then found by multiplying the difference between those two
averaye temperatures by the coefficient of thermal expansion, The shear and
ﬁoment required at the slab-web interface to maintain strain compatibi]ity is
then found and that shear and moment applied to the composite section. The
stresses caused by that shear and moment are calculated with due consideration

to support and continuity conditions and any relaxation with time. Mattock's
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procedure can be expected to give reasonably accurate resuits for the stresses
at the extreme bottom fiber if appropriate average temperatures are used for
slab and webs, respectively. However, details of the stress distribution
would not be correct. In particular, high stresses are predicted at the slab-
web interface which are not present in an actual girder.

Priestley's method (1.6) assumes a linearly elastic, homogeneous,
isotropic material for which plane sections before flexure remain plane
sections after flexure., It also assumes a continuous but non-uniform
temperature distribution through the depth of the section. The product of the
temperature variation and the section width is integrated over the depth to
give the "average" temperature {i.e., the effective temperature for overall
longitudinal expansion or contraction), This "average" temperature is the
temperature which influences stresses due to restraint of axial expansion and
contraction. The product of temperature, section width, and distance from the
neutral axis are integrated to give the "effective" gradient (i.e,, the
gradient which would be effective in producing curvature in a simple beam or
generating streses due to flexural restraint in a fixed end beam). The
restraint stresses, fcl, necessary to maintain plane sections plane, are then

found as follows:

£, (¥) = -Ealt(y) -t - ] (5.17)

where ta It(y)b(y)dy/A = the "average" temperature

t{y) = temperature at distance y from the neutral axis

b(y) = section width at distance y from the neutral axis
y = digtance from the neutral axis, positive above the neutral
E = ;Zézlus of elasticity
o = coefficient of thermal expansion

¥ = It(y)b(y)ydy/l = the "effective" temperature gradient
[ = moment of inertia of section
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The stresses, fcz’ due to restraint of axial expansion, are determined from

the expression:

fCz = Eatnana (5.18)
where ng = degree of axial restraint
ng =0 if free

and n 1 if built-in

i}

The stresses, fC » due to restraint of flexure, are found similarly from the
3

expression:

fc3 = -Eqn Ying o (5.19)

where n = degree of flexural restraint
Geometric terms in Equations 5.16-5.19 are illustrated in Figure 5.15.

by

b(y) part b(y) part )]
I}—-—\ .-.1’:,_.-::':: :T."_‘:--.__ﬁf.'.':‘j;—_i, T’;T—_—J ’

\\\ j// eutral axis

Figure 5,16. Geometric Terms for Calculation of Stresses

due to Non-Linear Temperature Distribution
Priestiey's method can be yeneralized to encompass different materials by
including the modulus of elasticity under the integral sign and can also be
extended to cover cracked sections by an iterative procedure that neglects the
tensile strenyth of the concrete or utilizes a generalized moment curvature

relationship.
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The results obtained by Mattock's and Priestley's procedures were invés—
tigated for the Denny Creek Viaduct subjected to the temperature distribution
shown in Figure 5,17. That distribution is Priestley's distribution for the
upper surface of the deck being 40 degrees F warmer than webs, and the webs
being 10 degrees F warmer than the soffit., That distribution represents the
extreme positive event for the Viaduct postulated earlier. Temperature pro-
files are drawn in Figure 5,17 for each of the three sections shown on Figure
5.9. The eigenstresses (i.e., the temperature stresses necessary to main-
tain plane sections plane in a simply supported beam Radioli and Green
{{1.7)) are shown in Figure 5,18 for stresses predicted using Priestley's
me;hod. Those stresses, combined with the flexural restraint stresses caused
by the “"effective" temperature gradient, are shown in Figure 5.19. The calcu-
lations from which Figures 5.18 and 5.19 were derived are shown in Appendix F.
The eigenstresses for CTL's method are shown in Figure 5.20 and those
stresses combined with the restraint stresses caused by those stresses are
shown in Figure 5.21., The calculations for Figures 5.20 and 5.21 are also
shown in Appendix F,

In a case where the top slab is cooling rapidly due to outgoing radiation
on a ciear, cold night, the resultant stress at the upper surface is predicted
to be tensile by either method and -opposite in form to that shown in Figure
9.17.  The steep gradient at the surface means that the equivalent tensile
force for which mild steel reinforcement might be added would be considerably
tess by Priestley's procedure than that by CTL's  procedure. It should be
noted that this equivalent force should be determined from the cumulative
siress distribution found after superimposinyg all relevant service load cases.

The increase in soffit temperature predicted by Priestley's procedure
reduces tensile stresses at the same location. That reduction is important

since, for the positive moment region of a beam, the tensile stresses caused
by temperature gradients at that Tocation combine with tensile stresses caused

by gravity loads.
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+0.008

0,085 1,/// +0.269

-0.086 /

_ Figure 5.20. Thermal Stresses Predicted for Extreme Positive

Differential Temperature Event by CTL Procedure,
Eigenstress Only (psi tension +)

-0.122

+0.239

-0.410

Figure 5,21. Thermal Stresses Predicted for Extreme Positive

Differential Temperature Event by CTL Procedure,
Resultant Stresses (psi tension +)

ﬂf=l
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6. RESEARCH METHODOLOGY

The original concept for the investigation envisaéed sensors additional
to those installed by CTL during the construction and the development of
an intetligent, remote site automatic data collection and recording system,
That system and the additional sensors failed to Operate as planned for
reasons discussed in this Chapter, A block diagram with the various sensors
originally planned for this study and the different components of the

automatic recording system are shown in Figure 6.1.

6.1. Background

The Carison gages installed by the CTL during construction were planned
by WSDOT to provide specific information on the concrete stresses that
developed during construction. The contract with CTL included only installa-
tion of the gages, assistance in data collection, and limited data analysis
and interpretation. The investigators for this project did not become aware
of the details of that instrumentation until after the CTL investigation was
substantially complete. A proposal was made to WSDOT which included continued
monitoring of these gages and subsequent analysis of the results in order to
provide information on differential temperature effects. Later, it was decided
to install other sensors and to automate the recording system in order to
provide more continuous and comprehensive information. While that automated
system and the additional sensors failed to Operate as planned, the original
objective of providing definitive information on differential temperature
effects was still achieved using the Carison gages installed by CTL. |

The Carlson yage selected by CTL for this project was the Model A-10

strain gage. This gage consists essentially of a fine resistance wire so
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fixed to the gage ends that, with change in the overall length of the gage,
one-half of the wire lengthens and the other half shortens. A Carlson gage is
shown in Figure 6.2. Four lead wires are run to each gage, one wire from each
end of the gage wire, one lead wire from the center of the gage wire, and the
fourth lead from one of the ends. Readings of the change in resistance in the
gage wire and in the ratio between the resistance of the two halves of the
gage wire are made by incorporating the gage wire as part of a Wheatstone
bridge. When the two leads from opposite ends of the gage wire are used, the
change in the total resistance of the gage is measured. This resistance change
is used to compute the temperature of the gage wire.  Connecting the three
leads, including the center tap as two adjacent active arms of a Wheatstone
bridge, measures the ratio of the resistance of the two halves, which is
calibrated to strain. The two leads connected to the same end of the gage
wire may be used to measure lead resistance if desired. The fixed gages,
excitation source, and galvanometer, with an associated amplifier, are housed
in a portable case. Knowledge of the temperature of the gage wire when a
strain reading is made is necessary to correct for the difference in the
coefficient of thermal expansion of the gage wire and the surrounding
concrete.  Self heating of the gage by the excitation current 1is avoided
durfng manual readings by using a minimal excitation voltage (1 volt) and by
using only momentary excitation to determine the value of the variable resis-
tance necessary to null the bridge. The nulling technique makes knowledge of
the actual excitation voltage unnecessary. Thus, to record both temperature
and strains, two different Wheatstone bridge configurations are required. For
temperature, two fixed resistors and one variable resistor are used with the
gage and for strain, one variable and one fixed resistor, of approximately
one-half the value of those used in the temperature bridge, are used with the

two halves of the gage. The sensitivity of the Wheatstone bridge and the
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manual readout system are such that differences in resistance of approximately
0.01 ohms can be measured. The temperature coefficient of resistance of the
wire used in the gage is approximately 0.125 ohms per degree Fahrenheit, Thus,
the Teast reading of the gage in the temperature configuration is equivalent
to 0.04 degrees F, and the least reading in the strain configuratioﬁ is
equivalent to approximately 4 microstrain. That Teast reading of 4 microstrain

is relatively large compared to the max imum reading obtained in the Tive 1load

test, which was 28 microstrain.

6.2. Automation of Reading of Carlson Gages

In order to automate the reading of Carlson gages, it is necessary to
replace the manual nulling procedure by a circuit that reads the voltage
generated across the Wheatstone bridge by changes in the resistance of the
Carlson gages. It is also necessary to insure that with the automated set-up,
the changes in resistance due to other factors, such as lead wire resiétante,
and switching devices are smaller than the desired signal by at least one, and
hopefully two, orders of magnitude. Temperature stability of the fixed
resistors used in the bridge is also critical to the success of the automated
procedure.  When the unknown resistance in the Wheatstone bridge is computed
fron the signal appearing in the unbalanced condition, knéw]edge' of the
excitation voltage is also necessary. Noise in the excitation voltage is as
much a signal as a change in the resistance. Thus, to automate the reading of
the 40 Carlson gages in the Viaduct, a system of fixed resistors of high
precision and relays of high resistance stability hqd to be devised and
constructed. The specifications necessary in order for these components to
satisfy the foregoing criteria made those components very expensive and
necessitated a long lead time for acquisition. Decisions were required early

in the project for ordering components and different decisions would have been
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made Tlater once the complete scope of the resistance, switching, and noise
problems were identified. The circuit diagram developed for an automated

Carlson gage switching network is shown in Figure 6.3.

6.3. Control

The data control and logging device chosen to operate the automatic
recbrding system was a MACSYM 20 industrial process controller made by Analog
Devices, Norwood, MA. This system is capable of multi-task analog to digital
data conversion, signal amplification, Tlimited data processing, and both
digital and digital-to-analog control signalling. Data recording was to be
done on a Quantex 1200 tape recorder. Data for one complete set of readings
would be stored in the data buffers of the MACSYM 20 and output to the tape
recorder at high speed. The choice of this system was based partially on
compatibility with other available equipment and partially on successful use
of a MACSYM 2 system on other Department of Civil Engineering, University of
Washington, structural engineering research projects. As purchased, both the
MACSYM 20 and the Quantex tape recorder required 120 volt AC power. The
MACSYM 20 is designed to operate continuously over extended time periods and
has the capability of having programs stored in EPROMS (electrically

_programmabTe read only memories) for unattended power-up starting. |

Amplification of external analog signals prior to digital conversion.was
provided by the MACSYM 20 by a two-stage programmable gain amplifier system
capable of a maximum gain of 2048, which gave a minimum resolution of
approximately 2.4 microvolts. Theoretical strain resolution was thus

approximately 0.4 microstrain for a bridge excitation voltage of 1 volt.
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6.4. Operational Difficulties

During the early phases of the project, when the ordering of equipment
and the development of switching devices was necessary, it was decided by
WSDOT that AC power would not be available at the site during the time
scheduled for data collection. Therefore, steps were made to convert the
MACSYM 20 and Quantex tape recorder to operate on battery power. Marine
Storage batteries operating at 12 volts DC were chosen for the main power
source. The batteries were to be charged by an AC powered battery charger
driven by a gasoline-driven AC generator. Coversion of the MACSYM 20 to
operate on DC required the installation of a DC to OC converter to supply the
various voltages (+5 VDC, -5 VDC, +15 VDC, and -15 VDC) required by the
computer. Excitation power for the Carlson gages and foil strain gages was
supplied by rechargable Nicad batteries. This AC to DC conversion system was
cumbersome and obviously not desirable in view of the resolution problems
anticipated in the automated data collecting system.

_Prior to installation of the dafa collection system in the bridge, AC
power was installed, as well as telephone lines from Snoqualmie Pass, to
Abutment No. 1. When difficulties were encountered with the resolution of the
DC-powered data collection systems, an attempt was made to use that Abutment
No. 1 source for powering the battery charger and the computer. However, the
voltage drop over the distance from the abutment to the instrumented span was
too great for successful operation of the charger or the computer. Further,
during system checkout at the site, the gasoline~driven generator was stolen,
indicating potential security problems for any important equipment Teft at the
site,

While the automated data collection system was successfully completed and
made operational, it was never abfe to obtain information with the required

degree of resolution. Automatic data recording had to be abandoned due to
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internal noise problems which completely swamped the Carlson gage signals.
The minimum noise level which was achieved was approximately 2 to 10
millivolts of hiéh frequency noise.  The source of this noise centered on the
DC to DC converter. However, there were also extraneocus high frequency noises
associated with bridge traffic and the power systems utilizing the bridge.

Another problem encountered during the site calibration phase was
interconnection of the Carlson gage circuits through the Jnactive bridge,
strain or tempefature, such that a change of resistance on the active bridge
affected all other circuits. This problem was overcome by the addition of
blocking diodes 1in the circuits. “However, even though this technique was
successful in d$solating the individual bridges from one another, it
complicated the data reduction since the voltage drop through the diodes had
to be measured and incorporated into the data reduction algorithm. This drop
was slightly different for each diode but a constant once known. Rewiring the
ofigina1 switching circuit cards was required to add these isolation diodes.
That rewiring was a relatively complicated task and detracted from the
resolution of the individual card.

Data communication difficulties were experienced in interfacing the
Quantex recorder with the MACSYM 20 and MACSYM 2 systems. These difficulties
were overcome to the extent that the MACSYM 20 could write data to the
recorder and information stored on the tapes could be read back through the
MACSYM 20 to a teletype. The Quantex was not successfully interfaced with the
MACSYM 2, which was the intended system for data reduction. The problem was
believed to have been inherent in different "handshaking" routines employed by
the two devices which were incompatible. Further software development would

hae been necessary to overcome those "handshaking" difficulties.
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The original plan called for supplementing the Carlson gages with foil
strain gages mounted on the interior surfaces of the box girder and also on
the deck. Holes were cored in the deck to carry the lead wires and to allow
emplacement of integrated circuit temperature sensors at different depths in
the deck stab. The foil gages on the deck and the holes in the deck were then
sealed and protected with an epoxy patch immediately prior to the opening of
the bridge to traffic in summer 1981. The epoxy patches failed over the first
winter so that the foil gages were not operational during the main data
collection period in August 1972. After the bridge was opened to traffic, a
closure for sufficient time to replace damaged gages was impossible. The
failure of the epoxy patches was aggravated by the extreme conditions on the
deck where traffic included snowplows and vehicles with chains and studded
tires. Failure of the epoxy seals at the top of holes allowed water to seep
down into the deck and permanently damage the temperature sensors.

Problems were also experienced with the main power supply batteries. Six

12-volt batteries of 60 amp-hour (each) capacity were connected in para]]é] to
provide power for approximately two weeks between charging. On one occasion
during the system checkout, discharge of a single battery in the group
rendered the total system inoperative. This same situation occurred again
Jjust prior to abandonment of the automated system. It was clear that this

form of power supply would not have been sufficiently reliable for extended

unattended operation.

6.5. Concluding Remarks

The instrumentation system for this project was originally conceived to
be an "off-the-shelf, plug-in" system. However, that system consumed over 25
per cent of the project budget for materials, all the project budget for

equipment, more than 50 per cent of the personnel time and 18 months of the
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scheduled time for the project prior to its abandorment. In all, more than
$50,000 of direct expenses {60% of the total direct expenses) was consumed in
attempting to make the automated system operational. These concluding remarks

are intended to provide guidance to others attempting automated measurement of

strains on full-scale field projects.

(1) There is no substitute for thorough, detailed planning in the propo-
sal stage. An early and conservative assessment of the difficulties of the
proposed measurements with respect to the state-of-the-art of instrumentation
capabilities is desirable. That assessment should start wiht a clear defini-
tion of the quantities that are expected for those measurements, and the
resolution necessary for those measurements to be successful. It should take
into account Tlong-term difficulties in the stability of gages, in the
attachment and waterproofing of those gages, and in the stability of the

recording system.

(2) Project budget development should be very conservative where prior
experience with application of a specific instrumentation system as a complete
package is not available. In such cases, a two-phase budget program is
strongly recommended where the first phase of the investigation is funded for
detailed design and development of the instrumentation system prior to commit-
ment to the project for which that system is intended. Since much state-of-
the-art equipment requires considerable Tead time for purchase, a rush to make
selection of the equipment is undesirable since detailed evaluation during the
waiting period will often suggest that inappropriate equipment has been

ordered in the original rush.

(3) Instrumentation and data collection, recording, and processing

equipment to be used in remote locations should be well-proven, commercially
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available equipment., Compatibility of the various pieces of equipment, and
particularly of any necessary power supplies, must be assured. Careful assess-
ment should also be made of security requirements for remote location equip-

ment and adequately controlled.

(4) Sensors which have critical signal to noise requirements, such as
the Carlson gages, should be provided with separate signal conditioning on
each channel. Preliminary investigations were made on this project for such a
system which would have provided filtering and preamplification on each
channe]. However, the need for these investigations was not identified until
the research project was well underway and all equipment ordered. The costs
of filtering and preamplification were beyond the project budget and time did
not permit further study of that approach. Two stage budgeting would probably
have resulted in this difficulty being anticipated and the cost of the

Separate signal conditioning identified in the first stage.

(5) Review of project proposals by sponsoring agencies should include
detailed review of any proposed instrumentation by agency personnel with the

necessary requisite experience to identify any potential difficulties.

(6) The most effective instrumentation projects are likely to be pro-
Jects developed in conjunction with the design and construction of new facili-
ties.  Sensor locations can be optimized and adequate protection provided to
gages. Further, coordination between the designer and the researchers at that
stage would lead to a better understanding of the questions which the
designers need to have answered, the instrumentation required to collect the
necessary data, and the capabilities required for the researchers in order to

analyze that data and provide answers to the designers' questions. During
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construction, there should be adequate time available for acquisition and
laboratory verification of the stability and resolution of the Instrumenta-
tion.  Such instrumentation would seem highly desirable for any large scale
facility incorporating new construction methods or subjected to imprecisely

defined loading conditions.

155



1.1.

1.2.

1-3'

1.4.

1.5.

1.6.

1.7.

1.8.

2.1.

2-2.

2.3,

2.4,

REFERENCES

AASHTO, Standard Specifications for Highway Bridggs! 12th _Ed.l
American Association of State Highway and Transportation Officials,
Washington, D.C., 1977.

Shiu, K.N., J.D. Aristizabal-Ochoa and H.G. Russell, "Ins?rumentation
of Denny Creek Bridge," Construction Technology Laboratories of the
Portland Cement Association, Skokie, IL, August 1981.

ACI-ASCE, "Analysis and Design of Reinforced Concrete Bridge
Structures," ACI-ASCE Joint Committee 343 Report, Manual of Standard
Practice, Part 4 - 1981, American Concrete Institute, Detroit, MI,

1981,

Hambly, E.C., "Temperature Distributions and Stresses in Concrete
Bridges, The Structural Engineer, Vol. 56A, No. 5, May 1978, pp. 143~
148,

Leonhardt, F., G. Kolbe and J. Peter, “Temperature unterschiede
gefahren Spannbetonbrucke (temperature differences endanger prestressed
concrete bridges)," Beton und Stahlbetonbau, Vol. 60, No. 7, July 1965,
pp. 231-244.

Priestley, M.J.N., "Design of Concrete Bridges for Temperature
Gradients," Journal of the American Concrete Institute, Proceedings,
Vol. 75, No. 5, May 1978, pp. 209-217.

Radoli, M. and R. Green, "Thermal Stresses in Concrete Bridge
Superstructure under Summer (Conditions," Transportation Research
Record, No. 547, 1975, pp. 23-36. '

Reynolds, J.C. and J.H. Emanuel, "Thermal Stresses and Movements in
Bridges," Journal of the Structural Division, American Society of Civil
Engineers, Vol. 100, No. ST1, January 1974, pp. 63-78.

Ross, A.D., "“"Creep of Concrete under Variable Stress," Journal of the
American Concrete Institute, Proceedings, Vol. 29, No. 9, March 1958.

Mattock, A.H. and P. Kaar, "Prestressed Concrete Bridges, Part 5, Creep
and Shrinkage Studies," Journal of the Research and Development

Division, Portland Cement Association, Skokie, IL, May 1961,

Branson, D.E., Deformation of Concrete Structures, McGraw-Hill, New
York, 1977.

Tadros, M.K., A. Ghali and W. Dilger, "Time Dependent Ana]ysisrof
Composite Frames," Journal of the Structural Division, American Society
of Civil Engineers, Vol. 103, ST4, April 1977, pp. 871-884,

156



2.5.

2.6.

2.7.

2.8,

2.9.

2.10.

2.11.

2.12.

2.16.

2.17.

2.18.

2.19.

Tadros, "M.K., A. Ghali and W. Dilger, "Segmental Erection of Concrete
Bridges," Prestressed Concrete Institute Journal, Vol. 24, No. 4, July-
August 1979,

CEB-FIP, "International Recommendations for the Calculations and
Execut19n of Concrete Structures," Comite Europeen du Beton -
Federation Internationale de la Precontrainte, Prague, June 1970,
CEB-FIP, "International Recommendations for the Calculations and
Execut1qn of Concrete Structures," Comite Europeen du Beton -
Federation Internationale de 1a Precontrainte, Prague, 1978,

Chiorino, M.A., P. Napoli, F. Mola and M. Koprna, "CEB Design Manual,
Structural Effects of Time-Dependent Behavior of Concrete," Bulletin

d'Information No. 136, Comite Euro-International du Beton, Budapest,
June 1980.

Kristek, V., Theory of Box Girders, John Wiley and Sons, New York,
1979.

Maisel, B.I., R.E. Rowe and R.A. Swann, "Concrete Box-Girder Bridges,"
The Structural Engineer, London, Vol. 51, No. 18, October 1973,

Hambly, E.C., Bridge Deck Behavior, John Wiley and Sons, New York,
197s. .

Meyer, C. and A.C. Scordelis, ' "Computer Program for Non-Prismatic
Plates with Plate and Beam Elements," Report No. SESM 71-23, University
of California, Berkeley, CA, 1971.

Corley, W.G., J.C. Carpenter et al., "Design Ultimate Load Test of 1/10
Scale Micro-Concrete Model of the New Potomac River Crossing, [-266,"

Journal of the Prestressed Concrete Institute, Vol. 16, No. 6,

November-December 1971, pp. 70-8%.

Pucher, A., "Einfluss Flache fur ETastischen Platte (Influence Surfaces
for Elastic Plates)," Springer-Verlag, Berlin, 1964.

Homberg, H. and W. Ropers, "Fahrbahnplatten mit verandlicher Dicke
(Roadway Slabs with Variable Thicknesses), Springer-Verlag, Berlin,
1965.

Hildebrand, F.B., Advanced Calculus for Applications, 2nd Ed.,
Prentice-Hall, Englewood Ciffs, NJ, 1976, pp. 48-50.

Schlaich, J. and H. Scheef, "Concrete Box Girder Bridges," Structural
Engineer%ng Documents 1le, International Association for Bridge and
Structural Engineers, Zurich, 1982.

Guyon, Y., Prestressed Concrete, Vol. II, John Wiley and Sons, New
York, 1960, Chapter 34.

Kawai, T. and B. Thurlimann, "Influence Surfaces for Moments in §1abs
Continuous over Flexible Cross-Beams," Proceedings, Intgrnatlona1
Association for Bridge and Structural Engineers, Vol. 17, Zurich, 1957.

157



2.20.

2.21.

2.22.

2.23.

2.24.

2.25.

2.26.

2-27.

2.28.

2.29.

2.30.

2.31.

2.32.

Bahkt, B., "Simplified Anaysis of Edge Stiffened Cantilever Slaps?"
Journal of the Structural Division, American Society of Civil
Engineers, Vol. 107, ST3, March 1987,

Menn, C., "Brueckenbau I (Bridge Construction 1)," Lecture Manuscript,
ETH, Zurich, 1979.

Emerson, M., "The Calculation of the Distribution of Temperature in
Bridges," Department of the Environment, Transportation Road Research
Laboratory, Letter Report 561, Crowthorne, 1973.

Emerson, M., "Temperature Differences in Bridges: Basis of Design
Requirements," Department of the Environment, Transportation Road
Research Laboratory, Letter Report 765, Crowthorne, 1976.

Emerson, M., "Bridge Temperature Estimated from Shade Temperatures,"
Department of the Environment, Transportation Road Research Laboratory,
Letter Report 696, Crowthorne, 1976.

Emerson, M., "Prediction of Bridge Temperatures in the Arabian Gulf,
Theoretical Predictions," Transportation Road Research Laboratory,
Supplementary Report No. 495, Crowthorne, 1979.

Jones, M.R., "Bridge Temperatures Calculated by a Computer Program,"
Department of the Environment, Transportation Road Research Laboratory,
Letter Report 765, Crowthorne, 1976.

Priestley, M.J.N., "Temperature Gradients in Bridges--Some Design
Considerations," New Zealand Engineering, Vol. 27, Part 7, July 1972,
ppo 228-233.

Built, J.W., A.W. Smith and P.B. McKinnel, "The Newmarket Viaduct," New
Zealand Engineering, December 1965, pp. 493-511.

White, I.G., "Non-Linear Differential Temperature Distributions in
Concrete Bridge Structures: A Review of the Current Literature,”
Cement and Concrete Association Technical Report 525, London, May 1979.

Richmond, B., "The Creep-Temperature Mechanism. in Concrete Bridges,"
Department of the Environment, Transportation Road Research Laboratory,
Supplementary Report 442, Crowthorne, 1979.

Aguado, A., A. Mari and E. Penon, "Non-Linear Analysis for Thermal
Effects and Support Displacement on Frame Concrete Structures,” Comite

Europeen du Beton - Feeration International de la Precontrainte, Pavia,
October 1981.

Aparicio, A.C. and J.J. Arenas, "The Behavior of Continuous Reinforced
and Prestressed Beams Subjected to a Thermal Gradient under Loads
Increasing up to Failure," Comite Europeen du Beton - Federation
Internationale de 1a Precontrainte, Pavia, October 1981,

158



2.33.

2.34,

3.1.
5‘1.

5-2.

5.3.
5.4.

5.5.

5.6.

5.7.
5.8,

5'9.

5.10.

5.11.

5.12.

Emerson, M., “The Influence of the Environment on Concrete Bridge

Temperatures?" Comite Europeen du Beton - Federation Internationale de
la Precontrainte, Pavia, October 1981.

Zichner, T., "Thermal Effects on Concrete Bridges," Comite Europeen du

?Sgon - Federation Internationale de la Precontrainte, Pavia, October
1.

Leonhardt, F., Prestressed Concrete, Design and Construction, Wilhelm
Ernst und Sohn, BerTin 1973, PP -442.

NOAA, "Local Climtalogical Data, Stampede Pass, Washington, 1957

through August 1982," National Oceanic and Atmospheric ~Administration,

Nashville, TN.

Carslaw, H.C. and J.C. Jaeger, Conduction of Heat in Solids, 2nd Ed.,
Oxford University Press, Amen House, London, 1959,

Sucec, J., Heat Transfer, Simon and Schuster, New York, 1975.

HoTman, J.P., Heat Transfer, 4th Ed., McGraw-Hill Book Company, New
York, 1976. _

ASHRAE, "Guide and Data Book," American Society of  Heating,
Refrigerating and Air-conditioning Engineers, New York, 1963.

Raphael, J.M., "Prediction of Temperature in Rivers and Reseryoirs,"

Journal of the Power Division, American Society of Civil Engineers,

Vol. 88, 2 July 1962, pp. 157-181.

Duffie, J.A. and W.A. Beckman, Solar Engineering of Thermal Processes,
John Wiley and Sons, New York, 1980.

Gerald, C.F., Applied Numerical Analysis, 2nd Ed., Addison-Wesley
Publishing Company, Reading, MA, 1980. ‘

Neville, A.M., Properties of Concrete, Pitman Publishing Company, New
York, 1972.

Brewer, H.W., "General Relation of Heat Flow Factors to the Unit Weight
of Concrete,” Journal of the Portland Cement Association, Research and
Development Department) Vol. T, No. 1, January 1967, pp. 48-60.

Campbell-Alten, D. and C.P. Thorne, "“The Thermal Conductivity of
Concrete,” Magazine of Concrete Research, Vol. 15, No. 43, March 1963,
pp. 39-48.

Whiting, D., A. Litvin and S.E. Goodwin, "Specific Heat of Selected
Concretes," Journal of the American Concrete Institute, July 1978,
Paper No. 75-37.

159



5.13.

5.14.

5.15.

Lentz, A.E. and G.E. Monfore, "Thermal Conductivities of Portland
Cement Paste, Aggregate and Concrete Down to Very Low Temperatures,"

Journal of the Portland Cement Association, Research and Development

Department, Vol.”8, No. 3, September 1966, pp. 27-33.

Mitchell, L.J., "“Thermal Properties: Significance of Tests and

Properties of Concrete and Concrete Making Minerals," American Society
for Testing and Materials, STP 169A, 1966.

Rhodes, J.A., "Thermal Properties: Significance of Tests and
Properties of Concrete and Concrete Making Materials," American Society
for Testing and Materials, STP 1698, 1978.

160






APPENDIX A.
DETAILED CONSTRUCTION CHRONOLOGY

The following detailed construction chronology was taken from the WSDOT
resident engineer's records for Contract 0200. The chronology starts with the
casting of Stage I, Span 4. This was the instrumented section of the bridge.
The chronology extends to the point where all direct loads have been applied
to Span 4. Loads which are remote enough to be insignificant in the magnitude
of their effect on the instrumented section are not included. In cases where
the dates are not available from the record, the probable date has been
estimated by consideration of the construction steps necessary. Dates for
application of Stage I loads have been taken as the date of application of the
posi-tensioning to Stage I. Reading numbers from the CTL chronology (Table 1

of their report) have been indicated for comparison purposes in column 3 of

this chronology.

A-1



Loading Description

PT I Span 4
DL I Span 4
-875k @ 4,17
250k @ 5.17

Move Stg II forms 3>4

DL II Span 4

BL ITIB Span 1

PT 11 Span 4

Move Stg IIl forms 1B>2A
625k € 5.17

DL IIIA Span 2

DL I Span §

PT I Span b

Move Stg III forms 2A>Z2B
-875k @ 5.17

Move Stg II forms 4>5
250k @ 6.17

DL II Span 5
DL IIIB Span 2
PT Il Span b

Date
05/16/78
05/19/78
05/19/78
05/23/78
05/24/78
05/26/78
05/30/78
05/31/78
06/01/78
06/05/78
06/06/78
06/08/78
06/09/78
06/14/78
06/14/78
06/15/78
06/15/78
06/16/78
06/16/78
06/19/78
06/22/78
06/23/78
06/26/18

a-

10

14-

15
16-(5)
20-®),Q
21-(®)
23

24-

29

29- (10)
30

30

31

31

34- (D)
@@

38

41-(19)

*sequential structural system applicable
**CTL reading number (event)

A-2

System** Remarks

7
8
8

10
10
10
10
11
11
11
11
11

11

11
11
12

Reference date

Loading

Date estimated

Date estimated

Date estimated

Date estimated



Move Stg III forms Z2B>3A
625k @ 6.17
DL IIIA Span 3

DL Span 6

PT I Span 6

-875k @ &6/17

Move Stg II forms 526
250k @ 7.17

Move Stg III forms 3A>3B
DL IT Span 6

DL IIIB Span 3

PT II Span 6

PT IIT Span 3

Move Stg III forms 3B>4A
625k @ 7.17

DL IIIA Span 4

Move Stg II forms 4A>4B
DL T1IB Span 4

Barrier Span 1

PT 1II Span 4

DL I Span 7
PT I Span 7

06/27/78
06/30/78
07/05/78
07/06/78
07/07/78
07/07/78
07/10/78
07/11/78
07/12/78
07/13/78
07/18/78
07/19/78
07/20/78
07/21/78
07/24/78
07/28/78
08/04/78
08/07/78
08/08/78
08/10/78
08/14/78
08/18/78
08/19/78
08/21/78
08/22/78
08/24/78
09/06/78
09/06/78

113
113

12
12
12

13
13
13
13
13
13
13
13

14
15
15
15
15

16

16

16
17

17
17

Date estimated

Date estimated

Date estimated

Date estfﬁated

Date estimated

Begin

Cast 8/10/78
Applied 8/10/78



-875k @ 7.17

250k @ 8.17

Move Stg I1 forms 6>7
Move Stg 111 forms 4B>5A
DL II Span 7

Barrier Span 1

Pt II Span 7

DL ITIA Span 5

Barrier Span 2

625k @ 8.17

Move Syg IT forms S5A>5B
-875k @ 8.17

DL I Span 8

PT I Span 8

Move Stg Il forms 7>8
DL IIIB Span 5

250k @ 9.17

Barrier Span 2

DL 1I Span 8

DL IIIB Span 5

PT II Span 8

Barrier Span 3

625k @ 9.17

PT III Span 5

PT 1 Span 9

DL I Span 9

Move Stg III forms 5B>6A

09/06/78
09/07/78
09/08/78
09/12/78
09/14/78
09/15/78
09/18/78
09/19/78
09/19/78
09/20/78
09/22/78
09/27/18
09/28/78
09/28/178
09/28/178
09/29/78
10/03/78
10/03/78
10/05/78
10/06/78
10/09/78
10/09/78
10/10/78
10/13/78
10/16/78
10/17/78
10/17/78
10/18/78

113
114
115
119
121
122
125-(27)
126
126
127- (8)
129
134
135
135
135
136
140-
140
142
143
146
146
147
150~ (30)
153
154
154
155

A-4

17
17
17
17
17
17
18
18
18

18
19
20
20
20
20
20
20
20
20
21
21
21
22
22
22
22
22

Date estimated

Date estimated

End

Begin

Date estimated

Date estimated

Partial logad
End
Remainder of load

Begin

Date estimated



-875k @ 9.17

250k @ 10.17

Barrier Span 3

DL IIIA Span 6

Barrier Span 4

DL II Span 9

PT Il Span 9

Move Stg III form 6A>6B
Barrier Span 4

625k 10.17

DL I Span 10

DL ITIB Span 6

PT III Span 7

-875k @ 10/17

250k 6 11.17

Move Stg II forms 9>10
DL II Span 10

PT I1 Span 10

625k @ 11.17

Barrier Span 4
Barrier Span 4
Barrier Span 5
Barrier Span 5

Barrier Span 6

Barrier Span 6

10/19/78
10/20/78
10/20/178
10/23/78
10/25/178
10/26/78
10/30/78
11/02/78
11/02/78
11/03/78

11/08/78

11/08/78
11/13/78
11/22/78
11/29/78
12/01/78
12/06/78
12/11/78
12/14/78
04/26/79
05/11/79
06/27/79
07/06/79
07/06/79
07/18/79
07/18/79
07/26/79
07/27/79

A-5

22
22
22
22
22

23

24
24
24
25
25
25
26
26
26
26
26
27

27
30
30
30
30
30

30

End

Begin first half

Date estimated

End first half

Date estimated

Begin second half
End second half
Begin

End

Begin

End



Barrier Span 7

Barrier Span 7

OQverlay

07/30/79
08/08/79
10/18/79
01/22/80
04/23/80
07/15/80
07/30/80

440
449

520- (38)
616- 35)
708- (30)

791

806- 3

A-6

30

30

30

Begin

End

Date estimated



B1.
B2.

B3.

B4.
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B6.

B7.
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B3.

B4.
B5.
B6.
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APPENDIX B.
STRAIN HISTORIES

Carlson gage strain readings taken under this study have been used to
extend the strain history plots presented in the CTL report. No changes have
been made to the differential temperature corrections applied by CTL to their
raw data. The strains taken in this study, and near the end of the plots,
include readings taken both in the morning, when temperatures were relatively
uniform throughout the section, a condition which corresponds to the condi-
tions for the CTL data, and readings taken late in the evening, when tempera-
tures were non-uniform on some days. The corrections for differential tempera-
ture after the casting of a new stage are given in Appendix D of the CTL report.
Those data are included herein as Table B2. Those tables were derived by sub-
tracting data given in a preliminary copy of the CTL report from the'valﬁes
shown in Tables Al, A3 and A5 of the final CTL report. Figures Bl, B2 and B3
show correction stresses (eigenstresses only) calculated using Mattock's pro-
cedure for data tabulated in Table B3. Figures B4, B5 and B6 are plots of the
corresponding stresses taken from the CTL report and Table 2. Those figures
show the magnitude of the stress corrections applied for differential tempera-
ture at the time of casting a new stage. Strain corrections given in CTL
Tables D4, D5 and D6 were derived from those stresses by dividing by the appro-
priate moduli of elasticity (4163 ksi for Stage I, 4800 ksi for Stage 11 and
4645 ksi for Stage III). It should be noted that the sign convention for the
data derived in this study differs from that for the data derived in the CTL

study.
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Ld Py -

0~~~ LN

13|

12
13
14
15
lb
17
18
19
20
21

2
23
24
5
26
27
28
29
30
3t

-
b

33
3
33
38
37

+47
+437
+309
+313
+333
+134
+552
+499
+336
+535
+346%
+404
+5895
+581
+608
+613
+412
+h31
+672
+o45
+030
+528
+418
+528
+h44
+h65
+654
+449
+454
+h62
+420
631
+737
+756
+722
+723
+894

+23
+332
+384
+389
+318
+418
+520
+483
+481
+348
+507
+583
+37¢
+h29
+394

+399.

+408
+615
+5{3
+562
+063
+ht3
+433
+5353
+477
+704
+707
+701
+117
+721
580
+701
+856
+854
+57
827
+1099

+23
+58
+25
+34
+320
+104
+448
+304
+513
+551
+521
+384
+583
+602
+639
+398
+36b
+597
+386
+695
+819
+13
+305
+843
+895
+885
+380
+932
+945
+1195
+954
+992
+1148
+1134
+1208
+1165
+129

+23

+35

+33

+49

+34
+105

+85
+139
+233
+217
+198
+237
+235%
+271
+2%0)
+277
+258
+261
+238
+282
+287
+296
+314
+324
+328
+345
+350
+357
+369
+387
+385
+343
+5312
+472
+73
+442
+34¢0

Table B 1

Measured Strains for Sertion A . ‘ e
CTL data corrected for differential teaperature at rasting succeeding stag

+33
+154
+142
+141
+313
+314
+433
+572
+449
+441
t494
+742
+769
+747
+820
+747
+738
+157
+743
+815
+939
+949
+95¢0
+020
+045
+1040
+1024
+1087
+1088
+1054
+1104
137
+1303
+1204
+1345
+1282
+1248

Microstrain

&

+8
+238
+273
+285
+220
+242
+34
+350
+3134
+351
+337
+410
+399
+399
+4)2
+425
+H03
+434
+15
+419
+424
+313
+321
+421
+434
+455
+457
+451
+462
+H43
+i49
+444
+392
+301
323
+17
+374
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7

+33
+344
+383
+397
+359
+238
+363
+363
+335
+338
+38}
+453
+406
+H{)
+407
34
+437
+443
+31
+430
+H29
+512
+25
+433
+42
+457
+433
443
+451
+434
+433
+427
+331
+34]
+307
+333
+336

#0
+)
+
+)
-116
-49
+
+18
+4]
+41
+74
+139
+89
+89
+99
+120
+13
+52
+127
+H33
+94
+185
+Hi4
+84
+ 04
+#133
+134
+12
t142
+119
+85
+43
174
+139
+133
+}
+0

+f
+)
+)
+)
-109
-44
+37
+47
+2
+9
+78
+87
+58
+00
+26
+99
+108
+132
+104
+127
+109
+193
+106
+92
+H2§
+142
140
+1253
+123
+29
+93
+140
+235
+198
+181
+256
+241

10

+
+)
+0
+0
-54
-13
+74
+h1
th
+hh
+78
+48
+124
+130
+129
+49
+143
+185
+158
+{58
+19
+203
+124
+109
+145
+H4
+{54
+134
+133
+139
+108
+137
+229
+192
+{93
+218
+249

1

+)
+)
+)
+
+H
+0
+0
+)
+0
+
+0
+
+0
+}
+0
+0
+0
+
+
+)
+0
+)
)
=74
-31
-37
-42
-2b
-34
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-84
-60
+31
-19
+38
+38
+125

i2

+)
+
+
+
+)
+
+}
+)
+
+0
+)
+)
+)
+0
+0
+0
+0
+
+r
+p
+)
0
+)
-1463
-159
-133
-147
-154
-i54
-153
-142
-185
-87
-80
+13
+8
+38

+)
+
+0
+0
+)
)
+)
+
+{
+0
+§
+{
+)
+0
+0
+)
+#)
+0
+
+0
1t
+)
+)
~135
-T8
-B5
-9
-101
-102
-107
-117

4

+0
+0
+}
+
+)
+
+
+0
+)
+
+0
+
+0
+)
+)
+0
+}
+}
+0
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+0
+}
+)
~143
-82
-3b
=72
-h4
-8
103
-7
-89

-22
-32
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+37



No

38
39
10
4
47
43
14
45
4
17
18
49
50
51
52
53
54
55
5
57
58
59
40
b1
62
83
64
65
b
67
48
89
70
7
7
73
7

+817
+718
+745
714
+742
+736
+708
+134
+737
+734
+708
+737
+714
+745
#7123
+744
+714
+745
+714
+737
+709
+137
+712
+741
+712
+738
783
+748
#7123
+143
+743
+144
+745
+744
+74h
+757
+713

UN data uncorrected for differential tesperature at casting succeeding

+1647
+)
+844
+§39
+873
867
+835
+334
+649
+848
+837
+843%
+233
844
+433
+57
+847
+855
+844
+§54
+850
+852
+b48
+653
+853
+833
+848
+844
+834
+849
+H535
+B60
+B42
+873
+87¢
+872
+847

3

+1244
+128
+1172
+1196
+134
+H157
+1163
149
+170
+ 164
+11h6
+1181
+1160
+1133
+1{44
+1152
+1158
+1156
+1164
+1185
+1178
+1142
+1i74
+1154
+1185
+Hi7
177
+11538
+1154
+i144
+H148
149
+1150
+H{159
+1164
1183
+Hi70

#3353
+434
+455
+H45
+503
+434
+4h8
+482
+471
+H73
+449
+§7
+450
+478
+448
+489
43
5
+458
+470
+441
+44]
+434
+437
+408
+449
+424
+438
+443
+444
+H75
+484
+498
+504
302
+519
+464

Table B 1 (cont.)

Heasured Strains for Section &

Microstrain

5 & 7
362 4815 4577
+279 450 +490
+1334 o 484
#1328 ) +483
+1288 ) +508
+1298 H 4563
+1314 + +477
#1323 #4504
+1328 4501
+1325 ) +504
+1327 0  +478
+132¢ ) +563
+322 ) +482
+1305 #4510
+1292 ) +498
+1292 Ho 509
+1308 0 +484
+1299 1 +509
+1318 ) H477
+131% 0 +504
+1341 ) 474
+1328 ) #5305
+1343 +0 +479
+1334 £ #5035
+1357 )  +478
+134] ) +501
+1354 ) +477
+1325 H o +306
+H3N +#) 484
+1307 #4304
+1297 +) +509
+1294 +)  +51]
+1283 i +509
+1300 #4509
+1307 +H 4307
+1328 +H #5825
+1325 +}  +4B0

B-3

+}
£
+)
+}
+
+)
+)
+0
+
+0
+{
+)
+0
+
+0
+}
+0
+
)
+)
+9
+)
+
+)
#
+}
+)
+)
+0
+
+
+0
+)
+0
+
+
+)

+24}
+189
+274
+231
+191
+201
+269
1247
+21
+204
+271
+2i1
266

4204

+222
+196
+274
+208

+268
+210
+278
+204
+271
+201

+278
+241

+273
+%4
i3l
+197
+198
+{98
+202
+204
+219
+243

274

10

+229
+180
+229
+217
+188
+189
+233
+188
+184
+183
+226
+184
£777

P

+83
+199
+188
+238
+189
+233
+{83
+235
+173
+228
+79
+229
+183
227
+H74
+218
+182
+187
+185
+H93
+i9
+188
+207
+233

11

-264
-278
-249
=254
-288
-213
=218
~240
-243
~237
-204
=238
-3
=281
-274
=295
~234
-284
-
-248
-186
-260
-203
-261
-173
-262
=190
-267
-233
-290
-289
-292
-187
-277
~2h!
-234
-196

stage

12

=77
~146
-1l
-107
-144
-14d
-105
-120
-118
-125
-89
-124
-54
-128
-125
-141
-%6
-135
-97
-13!
-84
-128
-84
-125
-Bi
-123
-8
-122
=95
-134
-138
-143
-141
-142
-129
-9

-84

+
-92
-42
-b1
-90
-89
-57
-13
55
15
-4
-77
-53
-78
-72
-88
-50
-84
-52
-83
-43
-80
-4
-80
-4
-1
-4
81
58
-85
-84
-3
-5
-85
-78
-53
-4

14

-85
-174
-122
-118
-174
-149
-118
-143
-132
-133
-102
-148
-114
~183
-1464
-174
-116
-160
~104
-151

-B8
-15¢0

-89
-i48

-84

143

-84
-135
-143
-174
-169
-172
-148
-150
-148
=123
-112



Ko

75
75
7
7
79
80
a1
82
83
B4
83
B4
87
88
89

£759
+715
+144
+714
+744
+747
+731
t744
+778
+744
+137
+744
+7144
+744
+744

UN data uncerrected

+862
+53
+863
+851
+857
+841
+874
+871
+904
+874
+B73
+871
+71
+§71
+H#71

+1{72
+{178
+{180
+1190
+1178
+1149
+ 166
+1142
+1193
+H170
171
+170
+1174
+H170
+1176

+491
+h(
+472
+H39
+44]
49
+49]
+H93
+525
+499
+435
+306
+506
+304
+304

Table B 1 {(cont)

Measured Strains for Section A

ftor differential temperature at casting succeeding

+1343
+1333
+{343
+1358
+342
+H39
+311
1304
+1325
+1306
+1310
+1304
+1304
+1304
+1304

Kicrastrain

6

+0
+)
H
+)
#
H
+)
+
+
+}
H)
+)
+}
+0
+

7

#5311
+481
+31¢
+480
+305
+307
#3513
+507
+529
510
+304
+510
+310
+31¢
+51¢

+)
+)
+)
+}
+
+0
+)
+
+)
+)
+
+0
+
+)
+

£215
+24b
+205
+271
+210
+202
+197
+105
+2728
+210
1214
+213
+213
213
#213

10

+189
+236
+181
+229
+181
+182
+188
+19¢
+209
+H9
+193
+HH
+91
+191
+191

i

-2b8
-218
=249
-19%
-241
-2465
=287
=179
-230
-243
-25¢
~245
-263
-265
-263

stage

12

-11%

-89
-12{

-87
-113
-125
-134
-137
-1t
-129
-126
-128
~124
-124
-128

-4
-3
-12
44
-1
-82
-B3
-5
-63
-80
=73
-81
-B1
-1
-8l

-151
~104
-137

-85
-134
149
-fb6
-141
-138
~149
-13%
-i52
152
-132
-152



Table B 1 (cont.)

Measured Strains for Section B
CTL data corrected for differential tesperature at tasting sutceeding stage

Microstrain
& 7 ] 9 10 it 12 13 i4

F
3
od
-
L

I -3 #3024 M3+l H 432 + +) + +) +0 + 0
2 499 +192 +198  £173 #2237 #1277 200 + + +) +0 +0 + +0
3 +li4 247 4210 H1B7 4213 #1300 +278 +) +9 ) +) + +) +
4 96 288 227 #1727 H224 +162  +274 ) + +0 +0 +) +) +
3 H17 #2850 4202 +172  +229  #l41 4303 52 -3 -1t +0 +0 +0 +
6 #2327 #3027 +227 4204 +280  +194  43M -114 0 -BA 435 +0 + +t +)
TO+278 #4008 +297 4252 4387 260 4403 -17 -18 +91 0 +0 +0 +0
g 38 0 +338 4230 #4086 +346  +427 -1 -0 472 +) + +0 +
§  +2  #352 43 +316 07 4302 416 31 S50 435 +) + +0 +)
10 319 +M0B #8403 #3100 397 279 «37% -1 484 +) +0 +0 +)
11 +308 A8 +301  +29% +36E 4273+ th HS +9] 0 +) +0 +0
12 #3148 453 4397 4339 431 +357  4490 431 +61  +142 ) H +0 +0
13 +340 +438 431 +337 4B 4344 49 +20 48] 4132 H +0 +) +
o +3H #4425 437 433 472 346 +A34 #5486 +150 + +0 0 +0
13 #3300 +447  #453  +36h  +R49  +336  +Ab4 423 +100 4155 +0 0 + )
16 #3538  +843  +863  +360  +4B4 4360 #4597  +191 4B +159 +) +¢ +0 )
17 +322  +434 +4AL 4357 493 +38B #4846 437 43  +15! + ) +} +
18 +376 483 A37 4336 H73 357 H477 435 +hb +182 +) ) +4 +
19 381 +507 434 +339 #479 4366 4503 +34 el +15) + +) + +0
20 #3746 #5897 ATE 43T 4505  +3B0  +514 47 487 +182 0 0 ) +)
21 ¥392  +dbh  +MBO #3684 4336 +417 353 104 +ldd 4232 + +) ) +0
22 +30% 414 4617 4505 +bdé 4391 4525 #75 497 +198 + +{ # +0
23 H39 #3073 471 +342 93 4393 4518 93 +104  +208 0 +) +) +0
24 +389  +333  +448 4323 +d47 4392 +G48 4100 +110 4218 204 227 -104  -134
25 MA3T 579 #4777 4353 +49h #4428 #4813  +1S53 #1539 4273 -160 526 -8 -98
26 HA20  +538  +500 #3786 #3335 +427  +5AT #3125 +1B4 4231 17 -1bd -1 -9
27 oA25  a540 #0OF #3720 4339 477 o580 {37 133 739 - iF3 - IBd -40 -84
28 +H5 #3520 +521 4389 #5536 «41B ¢332 +l1b6  +832  +227  -18% 184 -33 ~108
29 #4171 +529 4538 +402 45B1  +438 540 +114 +119 221 -1B¢ 200 -53  -108
30 436 4538 +549  +4fL +5B4 439 4543 4112 +114 +219 483 204 62 109
JUO+394  +502 4305 +373  +356  +415 +512 490 +89 +197 197 -2 -0 -126
32 ) +493  +IB6 4304 #5330 422  +L07  #lB 4145 258 -203 -t78 -28  -108
33 +0  +585 +A2B 4393 +6Ah #STO +024 4189 +187 #3388 -103 160 -39 <30
34 #0 #3544  +A29  +391  +b4B  +347  +4B2 #2153 +1T0 4283 -il6 134 -12 -}
3 0 +h02 619 +MIT 663 4519 #412 4213 #1356 4271 16l -4t 28 -2
I8 +) 4597 +547 #4201 #6300 4533 #4372 #2272 428 4372 -WO3 73 o7 -NT
37

#4630 +h6T  +425  +753 4690 +BT3 4259 +267 +HT  -18 LU TV I 61



No

38
39
4)
8
42
13
Ly
15
4
47
48
19
50
51
52
53
54

[
o

E
ol

[
of

58
b
&0
b1
&2
63
64
63
bb
47
48
49
70
A
72
73
2]

+)
+
+
+}
+488
+448
+328
+527
+310
+304
+300
+307

+91

+H94
+489
+500
+307
+328
+499
+314
+194
+301
+488
+307
+490
+503
+300
#8511
+502
+499
+300
+303
+i14
+524

+324
+341

+523

i data'uncnrrected tor differential temperature at rasting succeeding stage

+90
+332
+584
+350
+331
+549
+378
+574
341
370
+372
+569
+549
+370
+544
+580
+343
+578
+527
#5375
+325
+339
+492
915
+471
+H30
+H17
+428
+409
+H11
+255

+)

t}

+)

+)

+{
+hi1

+708
+378
+412
+408
+)
+
+0
+)
+0
+H
+)
)
+
+0
]
+
+0
+0
+0
+h14
+h30
+hi]
+31
+hi|
+629
+438
+533
+437
+628
+432
+617
+428
+63b6
+630
+653
+465
+0

+71
+24
+384
+349
+342
+339
+380
+380
+339
+#372
+374
+IN1
+334
+364
+334
+374
+363
+373
+12
+370
+336
+344
+328
+3466
+334
+343
+324
+356
+328
+348
+3335
+361
+370
+381
+383
+388
+386

Table B 1 (cont.)

Measured Strains for Section B

+752
+524
+453
+543
79
+b65
+791
+749
+487
+90
+482
+584
+hhd
+76
+539
474
+577
+489
+478
+489
+480
+488
+579
+488
+475
+489
+481
+484
+hT4
+480
+668
+682
14
+707
+712
+123
+719

Microstrain

6

+380
+441]
+305
+iaa
+482
+481
+329
+329
+494
+303
+495
+498
+H79
+437
+475
+497
+494
+315
+493
+305
+482
+300
74
+493
+449
+434
+74
+489
+477
+30
+7%
+501

+312
+323
+327
+331

+321

B-6

li

+649
+538
+4035
+379
+589
+501
+5227
+09
+37%
+619
+420
+521
+390
+41%
+592
+434
+h16
+423
+589
+422
+584
+52¢
+384
+523
+587
523
509
+529
+394

+434
+609
+636

+435
+432
+432
+423
+#23

+231
+233
+202
+232
+261
+258
+214
+224
+274
+220
+215
+217
269
+219
+252
+2{4
+238
+216
+272
+221
+27)
217
21
+208
+263
+207
+247
+241
+264
+204
+204
+214
+220
+218
+222
+224
+220

+280
+245
+228
+291
+300
+302
219
#2753
+307
+252
+253
+244
+320
+233
+303
+237
+2537
+228
+306
+245
+310
+248
+324
+249
#3186
+248
+331
+231
+329
1242
+295
+238
+234
+230
234
+233
+244

10

+381
+3465
+317
+378
+1728
+H32
+345
+383
+443
+363
+342
+3564
+44]
+148
+433
+3535
+3%0
+3b60
+H43
+372
+450
+373
+155
+3483
+448
+364
454
+373
+457
+354
+428
+348
+364
+359
+344
+364
+345

14

-139
-214
=200
-146%
-166
-158
-194
-193
-181
-17¢
-171
-118
-147
-7
-132
k]
-7
=193
=130
-1
-148
=177
-137
-168
-143
-171
-132
-189
-133
-164
-144
=173
-173
-18¢
-178
-17%
-1

+89
=97
-89
-32
-7
-8
-17
=13
-52
-36
=57
-b!
-3
-44
-38
-78
-80
-93
-63
-82
-49
-72
-4
-b8
-39
-t7
-17
=70
=13
-67
-43
-86
-80
-80

-75

~&0

13

+
-37
-94

-2t

-39
-61
-112
-1l
-53
-102
-19
=113
-41
-93
-13
-120
-7
-132
-49
-84
-29
-18
-20
-0
-2
-83
=33
-82
-29
-92
-83
-5
-109
=105
-100
-92
-B8

14

=15
=93
-78
-3
-4
-4
-&0
-43
=33
-3
-3¢
-37
-3
=37
-1%
-34
-43
-63
-32
=57
=34
-42
-27
-39
-32
~40
-28
-43
-32
=37
-4
-43
-39
b1

-38
-41



Ne

73
76
77
b
79
80
a1
82
83
84
85
84
87
88
89

+517
+302
+321
+300
1510
+499
+3504
+51
+337
+533
+337
4534
+532
+331
+514

UN data uncorrected for differential temperature at tasting succeeding ctage

2

+4(3
+313
+410
+577
+447
+570
+H00
+hb
+415
+512
+hih
+613
+410
+411
+387

o

+)
+}
+H
+
+h33
+h47
+
+0
+
+)
+46%
+}
+0
+{
+

+378
+344
+371
+342
+377
+338
+369
+312
+380
+383
+388
+390
+386
+391
+339

Table B 1 (cont.)

Measured Strains for Section B

+704
+487
+1
+495
+704
+142
+092
+H79
+11
+718
+724
+128
+728
123
+747

Microstrain

b

+307
+H82
+304
+49]
+303
+H84
+495
+310
+330
+534
+533
+335
+327
+325
+308

B-7

7

2
+392
+2
+594
+632
+592
+427
+530
+633
+427
+430
+h2¢6
+418
+h2b
+593

+223
+268
+214
+268
+212
+265
+213
+214
+214
+224
+221
+223
+232
+224
+264

+253
+319
+247
+317
+251
+325
+255
+244
+232
+244
+238
+244
+254
+244
+300

10

+369
+442
+363
+447
+362
+450
+363
+362
+359
+374
+3462
+367
+377
+308
+433

-187
=133
-172
-13&
-159
-130
-153
~163
-1
-152
-168
-167
-136
164
-1

-59
19
76
-28
-39
-13
-52
-64
-8
+47
-47
-58
-45
-0
49

13

-93
~62
-34
-42
-78
-33
=19
-%8
114
105
-103

-93

-B0

=96

-12

]

14

-3
-22
-57
=27
-5
=34
-52
-3
-63
-58
=37
-56
~30
=33
-4



No

D O LN e R e

{1
12
13
14
I3
16
17
18
19
20
21
22
23
24
25
26
7
28
29

k4
v

3

k4
32

33

k4
o)

33
36
37

+39
+235
+314
+303
+411
+404
+325
+312
+485
+314
333
+335
+528
+336
+544
+337
+549
+387
+398
+4500
+453
+680
6357
+593
+56%]
+H7h
+482
487
+683
+588
+67h
+H4
+784
+7191
+747
t744
+905

Table B 1 {cont.)

Measured Strains for Section T
CTL data corrected for differential temperature at casting succeeding stage

Microstrain
2 3 4 3 & 7 B i i 11 12

+21 H 436 430 8 +25 +) + +) + +)
#2573 497 4345 A55 +240 4252 +0 +0 + +0 +0
+290  +363 4412 +544  +5EL  +307 +) ) t) +0 +0
+349  +a0h  +422 4550 4309 4303 +0 +0 0 + +0
+330 +4B4 4358 4B +34B 4447 -188  -207  -10@ +0 )
+h74 1043 309 +49&  +d41 #4497  -117  -132 -4 + +
97 #3948 +403  +5B6 HABR 495 g4 -132 -4 +0 +}
485  +622 430 #4605 4501 +S00 -95  -1i4 -9 + +
HE8] +599 481 405 +6T4 4500 -148  -151 -19 +) 0
316 +6G]  H57 593 473 M92 B¢ -55 -33 +) +)
¥327  +B1T 44T 4364 450 +495 -97 103 -14 +0 +
942 +b4B  #496  +635 4551 4561 69 57 +@2 +) )
*SAZ  +h34 4201 409 4546 4539 <94 -T2 Mg +) H
531 +712 #5001  +h74 4538 4565 45 -4 +58 +) 0
#3310 +h76 +491 M7 4531 #5440 58 -39 5 # +0
1329 +64T 4516 4709 4560 4580  -65  -4B  +59 40 +0
527 4733 4519 4707 4565 575 -65 -4 +44 +H )
334 +703 +520  +696  +534 4539 -57  -57 &+ +) +)
P339 4710 #3529 715 534 4555  -57  -54  +78 + +

+563  +6B0  +506 +4BE 4565 4568 -20 -1 +0 +0 +0

t3M tbbe  +4BB  +bbb  +hlh 4618 +40  +4S  +150¢ -354  -21B
604 #5631 HRT0 +429  +422 w423 +33 1 +149  -328  -159
HI78  +bA1 HA78 +6AB 4590 4599 +42  +14 442 -3 153
th0T  +hh6  +4BB  +AST 4817 tR2B 478 +47  +179 -394 -11§
thil  +638  +43]  ebbb  +619  #B30  +76 45 4184 -287  -148
004 871 +499  H47S 624 #b1h  +AT 428 4158 -305 144
03 4564 495 HTT 4621 +AZ3 +A0 €31 +1hé  -304 L
HIF7 4669 #8499 474 4604 #413 +53 436 +154  -304 -134
+08  +681  +503  +683 #4615 619 452 25 +158 =313 -134
tB13 4678 4512 +6BA 4617 +627 A8 +73  +1id =308 -14]
377 4619 M472 435 4582 +620 A4 -{p 16l =332 -119
¥3T4 4666 84T #4558 +A34  +634  ¢153 +91 +25¢  -265 42
93 4716 90 489 #721 +BAT 4202 +155 4289 -215 0 430
+678 4700 +ABL  +738  +719  +483 4185 19 +263 -3 435
4 4707 H436 4759 4737 +6%  +145 +142  +248  -180  +if
635 4669 468 726 4711 +498 4198 94 318 -123  +88
I3 4191 H32 0 479 47SA 4736 45 4254 +363  -153 +

B-8

13

+{
+)
0
+0
+)
+)
+0
+
+0
+0
+0
+0
+{
+0
+
+
+0
+0
+
+0
-1
-113
-110
-74
-7
-132
-179
-{32
-141
-17%
-206
-82
-3
+48
+43
-2
+00

14

+
+0
+0
0
)
+)
+}
+
+
+
+)
+0
#
+
+0
+}
+
+)
+)
+0
-325
-244
-244
~213
-212
=213
-219
-236
-226
=230
=231
-152
-143
-154
-208
-i8!
-T4



No

E 4
A

39
I
&1
32
43
44
15
%
4
18
49
50
51
52
53
54
55
56
57
58
59
60
b1
62
83
&
&5
)
87
68
&9
70
7
7
13
74

+834
+138
+80¢
+747
+794
+796
+044
+829
+794
+437
2
+823
+791
+822
+800
+835
+825
+840
+803
+833
+794
+§23
+786
+820
+79{
+822
+783
4813
+77%
+03
+802
+831
+835
+839
+837
+33%
+837

UN data uncorrected for differential temperature at casting succepding stage

+117
+18
+545
+531
+531
+431
+478
+h4Y
+543
+h47
+540
+o4h
+623
+439
+424
+hit
+h42
+473
+542
+452
+534
+&48
+432
+h44
+433
+h4b
+h34
+442
+631
+430
+531
+433
+4463
+h49
+hbd
+574
+b42

+734
+533
+454
+641
+hi}
+637
+h35
+435
+647
+547
+542
+643
+529
+537
+h24
+$29
#4314
+h42
+433
+443
+439
+héd
+hhd
+545
+h46
+£49
+655
+432
thih
+633
i
+hd{
+H48
+65¢
+432
+hb1
+hél

Table B 1 (cont.)

+39
+247
+29%
+341
+443
+1h4
+494
+492
+481
+487
+484
+487
+443
+H94
+70
+494
+4487
+300
+484
+307
+482
+301
+307
#5114
+494
+527
+304
+543
+320
+333
+508
+542
+358
+565
+354
+3a3
+§51

Measured Strains for Section

+734

+h48

+571
+5b1
+h34
+633
+433
+535
+h42
+hd2
+437
+438
+519
+432
+418
+427
+625
+434
+430
+44]
+531
+h43
+432
+643
th3k
+642
+H41
thi4
+h46
+626
+428
+637
+h45
+h48
+550
+hél
+456

Microstratn

&

+157
+5647
+h78
+458
+458
+h34
+102
+593
+hA3
+471
+h48
+474
+548
+hod
+52
+573
+ha%
+484
+h38
+573
+635
+h69
+hdb
+hi?
+hih
547
+449
+h43
+h47
+639
+552
+480
+5B4
+693
+91
9%
+404

7

+714
+421
+458
t616
+hi?
+h41

+083
+472
+h30
+bht
+hb{
+640

+637
+h59

+hi]
+hh%
+669
+571

+447
+bh8

+443
+460

+630
+453
+528
+554

+b24
+543
+523
#6314

+h4)
+hht

+647
+473
+h74
+£13
+473

+138
+207
+182
+23
+249)
+248
+224
+210
+254
+21)
+208
+209
+754
+213
+233
211
+229
+211
+242
+210
+258
+203
+261
+202
+252
+202
+2537
+208
+23%
+203
+249
+215
+217
+212
+217
+211
+211

+192
+173
+146
+193
+223
+223
+43
+75
+229
HT
+178
+H74
+232
+178
+24
47
+183
+143
+223
+73
+233
+177
+241
+73
+232
+H70
+240
+180
+242
o4
+214
+147
+164
+143
+147
t14b
+175

10

+14]
£322
+282
+307
+341
+344
+304
+313
+374
+304
+300
+303
+368
+304
+3487
+29%
+324
+304
+369
+309
+373
+304
+374
+798
+364
+299
+379
+307
+312
+788
+393
+303
+302
+300
+305
+301
+302

11

+85
+33
+30
+8%
+102
+104
+47
+49
+19%
+47
+h1
+34
+11
+39
+107
+30
+48
+4(
+102
+a30

+12

+34
+119
+53
+14
+50
+122
+37
+12¢
+p
+94
+HH
+41
+4
+45
+43
+52

+138
-148
-1i8
-87
+)
+
+0
+}
+
+}
+
+)
+)
+0
+)
+G
+0
+)
+0
+
+{
+
+H
+)
)
+
+0
+
+
+)
+0
+0
+
+)
+)
+)
+)

£3

=63
-194
-16b
-144
-137
-155
~136
-154
-153%
-13
-132
-143
-13b
-142
-157
-143
~159
-1&2
-156
-148
-150
~143
-136
-134
-139
-134
-134
-142
~1338
~134
~162
-160
-154
-154
-149
-144
-133



Table B 1 {(cont.)

Measured Strainc for Section C
UM data uncorrected for differential temperature at casting succeeding stage

75
7t
h
78
79
80
CH
82
a3
84
85
86
87
a8
89

Microstrain

! 2 3 ] 5 b 7 | ] 10 i1 12 13 14
+B35  +b06  +433  +360  +445  +AB0  +4TS 4220 +185  +310  +4b #  -131 +18
798 #5305  +A39  #B3h  +631 +AS2  teRE 4261  +236  +368  +i11 0 {41+
+832  +649  +pA2 4557 a4l 470 +hhE +20T  +175 4303 +53 +H -147 +
H199  +G40 - +630 #5337  +bA2  HAST +6HD +255 #2353 4364 +i1i 0 -1{36 38
833 +hb1  +hBT  +b0A 457 +hT9  +hhb 4293 181 #3064 bl # -1+
+789  +B42  +BAT 4534 #6454 #bSE +A33 4255 242 4371 H129 ) -1212 447
819 +643  +AS3 4529 +adh  +bAL 651 ¥206  +177 +29%  +40 + -120 410
829 +638  #hDA 43RS 4650 #679  +hh0  +214 #1T0 301 457 +  -131 +
+837  +67  +654 4585 #6527 +6%1  HATL #2088 +161 4294 +4] i -149 -4
+834  +B73 #hAO  +504  +A5S  +694 HR7Z 214 4]0 +308 48 o -149 +3
42 +bB0  +bbT  +645  +662  +49D  +AT9  +331 #1701 +303  +51 0 -137 +4
843 4078 673 +bAL #4670 4700 #4679  +218  +178  +308  +59 0 -129 +13
833 4872 sbbh  +624  +h62  +4B9  +AT3  #227  +1BS 4315 +45 + -128  +|8
841 HG70  +60T  +ab1  +hAT  +A94  +4BO  #218  +179 +304  +59 # =129 +1¢
I3 +34  +852  +5B7  +h4B  +6TH  ehbL 24T 4226 #3846  +107 +H -151 #ht
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Table B 3

Corrections for differential temperature at casting of
succeeding stage by CTL procedure, eigenstresses anly

Element

Sections B and C
Stage 1

Stage 11

Stage II1

Stage I+II
Stage I+II+III

Section A
Stage 1

Stage 11
Stage II1I
Stage I+11
Stage I+II+II1

Area
ft2

40. 224
27.120
31.703
67.344
99.048

90.545
27.120
31.703
77.665
109,369

ybecgco Inertia kern~2
ft ft4 12
3.551 312.390 7.764
-424 3.618 -133
- 435 4.038 -127
5.513 &£78.800 10.377
&.448 884.430 8.929
3.057 3560.490 7.132
- 424 3.618 -133
- 435 4,038 -127
4,931 870.880 11.213
5.947 1148,.840 10,504

Mod of Elast

kst

691, 200.
504, 000.
504, 000.

691, 200.
504, 000.
504, 000.

Note: Modulus of elasticity of Stage I used for Stages I and II
for Stage I+II > Stage III calculation

Shear and Moment to restore compatability for differential temp

Section and Stage Diff
deg F
Stage I > II at A -15
Stage I+II > III at A -24
Stage I > II at B -19
Stage I+II > III at B -28
Stage I > II at C -28
Stage I+II > III at C -34

Stresses to restore compatibility

Section and Stage

Section A
Stage 1 > It
Stage I+IX > III

Section B
Stage I > II
Stage I+II > III

Section C
Stage I > II
Stage I+II > III

fcbil

—&3.
-57.

-1,
—77.

-134,
—-93.

Shear Moment
kips kip—ft
-3535.6 -136.9
~-11946. 6 -506.90
~435. 4 —1&66.9
—1362.3 -575.5
-4641.6 -244.0
—-1652.5 —-698.1
ipsi cumpressiun_
fctl febll fctlt
229. —102. —-76.
209. 209. 243,
283. -126. —2.
238. 238. 278.
417. ~186. ~1359.
289. 289, 337.

B-14
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fcblll

—273.

=311,

=-377.

fcbIIl

—-248.

—282.

~342.



Table B4
Concrete Ages at Date of Carlson Gage Readings (Events)

Reading Date Age Age

Age Age
Number Stage 1 Stage I1 Stage IIIA Stage IIIB

1 16 May 78 3

2 19 May 78 &

3 24 May 78 11

4 30 May 78 17

9 1 Jun 78 19 1

& 9 Jun 78 23 S

7 S Jun 78 23 b

8 4 Jun 78 24 )

9 2 Jun 78 27 9
10 14 Jun 78 32 14
11 19 Jun 78 37 19
12 22 Jun 78 40 22
13 22 Jun 78 40 22

14 26 Jun 78 44 26
15 27 Jun 78 45 27
16 S Jul 78 93 35
17 & Jul 78 54 36

18 19 Jul 78 &7 49

19 20 Jul 78 &8 50
20 7 HAug 78 86 &8
21 8 Aug 78 87 &9 i
22 10 Aug 78 a9 71 3
23 18 Aug 78 97 79 11
24 19 Aug 78 98 80 12 i
25 21 Aug 78 100 az 14 3
26 24 Aug 78 103 85 17 &
27 18 Sep 78 128 110 42 31
28 20 Sep 78 130 112 44 33
29 3 Oct 78 143 125 97 /446
30 13 Oct 78 133 135 &7 , 56
31 13 Dec 78 214 1946 128 117
32 26 Apr 79 348 330 262 251
33 26 Jul 79 . 439 421 353 342
34 19 Oct 79 524 306 438 427
35 21 Jan 80 &20 &02 534 523
36 24 Apr 80 712 ‘ &94 &26 615

37 i Aug 8O 811 793 723 714

B-15



Table B 4

(cont.)

Concrete Ages at Date of Carlson Gage Readings

Reading
Number
38
39
40
41
42
43
44
435
44
47
48
49
50
31
92
53
34
35
36
57
S8
59
&0
&1
&2
&3
a4
45
&b
&7
&8
&9
70
71
72
73
74
75

BN -

Date

Oct
Jul
Jul
Aug
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul
Jul

80
81
81
81
82
82
82
82
82
82
82
82
a2
82
82
a2
82
82
a2
82
a2
82
az
a2z
a8z
a2
a2
82
82
82
82
82
82
a2
a2
a2
82
82

Age

Stage

895
1152
1167
1184
1519
1522
1524
1525
1526
1526
1527
1528
1529
1529
1530
1530
1531
1531
1532
1532
1533
1533
1534
1534
1535
1535
1536
1536
1537
1537
1538
1538
1539
1540
1541
1542
1543
1544

B-16

Age
Stage
877
1134
1149
1166
1501
1504
13506
1507
1508
1508
1509
1510
1511
1511
1512
1512
1513
1513
1514
1514
1515
1515
1516
15146
1517
1517
1518
1518
1519
1519
1520
1520
1521
1522
1523
1524
1325
1526

Age
II Stage
809
1066
1081
1098
1433
1434
1438
1439
1440
1440
1441
1442
1443
1443
1444
1444
1445
1445
1444
1444
1447
1447
1448
1448
1449
1449
1450
1450
1451
1451
1452
1452
1453
1454
1455
1456
1457
1458

Age
IIIA Stage
798
1035
1070
1087
1422
1425
1427
1428
1429
1429
1430
1431
1432
1432
1433
1433
1434
1434
1435
1435
14346
14346
1437
1437
1438
1438
1439
1439
1440
1440
1441
1441
1442
1443
1444
1445
1444
1447

IIIB



Table B 4 (cont.)

Concrete Ages at Date of Carlson Gage Readings

Reading Date Age Age Age Age

Number Stage 1 Stage If Stage IIIA Stage IIIB
76 4 Aug 82 1545 1527 1439 1448
77 3 Aug 82 1545 1527 1459 1448
78 5 Aug 82 1544 1528 14460 1449
79 7 #fAug B2 1547 13529 1451 1450
80 7 Aug B2 1548 1530 14462 1451
B1 8 Aug 82 1348 1530 1462 1451
82 ? Aug 82 1549 1531 1443 1452
83 10 Aug 82 1350 1532 14464 1453
84 11 Aug 82 1551 1533 1465 1454
85 12 Aug 82 1552 1534 1466 1455
86 13 Aug 82 1553 1535 1467 1456
87 13 Aug 82 1554 1336 1448 1457
a8 14 Aug 82 1554 1534 1468 1457
89 14 Aug 82 - 1555 1537 1469 1458

B-17



Table B5.
Concrete Temperatures at Each Reading (Event)

Tesmperature Data Section A,B,C
Degrees Celsius at Gage No
Event 1 2 X 4 S [ 7 8 9 10 11 12 13 14

4208 16.3 15.9 16.2 14.7 1&6.6 . 16.9 . 22.7 22.8 17.2 19.3 20.3 20.8
42B 135.9 16.8 16.2 15.3 16.7 16.1 16.7 23.7 23.6 24.9 20.1 17.4 21.4 21.13
42C 20.4 16.4 16.7 13.8 16.9 16.6 17.2 22.35 24.3 24. 23.1 . 17.6 24.8
43A 19.4 18.3 17.7 17.7 18.4 . 20.1 . 25.6 26.2 20.0 22.7 28.7 24.2
43B 18.4 20.6 18.3 16.9 1B.8 18.8 19.9 27.7 26.5% 28.2 23.4 20.2 24.46 24.46
43C 24.2 18.8 18.6 18.6 19.2 19.2 20.3 25.6 26.9 27.5 25.9 . 20.5 27.95
44A 12.8 12.5 10.9 14,0 11.6 . 13.1 . 10.4 12.0 8.3 10.3 10.2 8.6
44B 12.1 12.3 10.4 11.1 10.9 12.3 12.7 10.8 10.4 11.4 10.4 8.6 8.6 10.9
44C 16.1 12.7 10.3 1.1 10.2 12.9 i3.3 12.2 10.4 11.4 9.8 . 8.7 10.0
45A 11.6 11.9 11.0 12.6 11.7 . 11.9 . 10.7 11.8 9.2 9.7 9.9 9.4
45B 11.4 10.8 10.3 10.2 10.8 11.7 11.3 10.7 10.9 12.0 10.0 9.4 9.4 10.6
43C 14.4 12.0 10.3 10.6 10.2 12.2 11.9 12.1 11.1 12.1 10.2 . 9.1 11.1
46A 12.8 13.9 14.0 12.6 14.46 . 13.2 . 20.7 21.2 17.2 16.5 17.7 18.2
A46B 13.6 12.3 13.4 11.8 13.9 13.8 12.7 21.3 21.2 23.2 17.2 15.8 18.3 17.9
45C 16.0 14.1 13.8 12.3 13.8 14.2 13.2 20.1 21.3 22.1 19.9 . 13.7 21.7
47A 14.9 13.6 13.4 14.0 13.9 . 15.3 . 15.5 15.7 14.9 14.7 15.3 14.3
47B 13.2 14,9 13.0 13.7 13.3 13.2 15.0 14.8 15.7 13.5 15.0 14.2 14.1 15.7
47C 18.3 13.6 13.0 13.8 13.0 13.& 15.3 15.4 15.9 15.4 15.0 . 14.6 13.7
48A 17.2 15.3 15.0 15.8 15.3 . 17.7 . 17.7 17.9 14.9 17.5 18.0 16.9
48B 14.9 17.8 14.9 15.9 15.2 14.8 17.4 17.4 17.9 17.7 17.7 16.8 146.7 18.4
48C 21.2 15.2 14.9 16.3 14.9 15.2 17.7 17.6 ig.t 17.5 17.7 . 17.1 18.0
49A 17.1 15.4 14.6 156.1 15.1 . 17.6 .  16.8 17.5 15.7 16.7 17.2 15.4
498 15.1 17.6 14.7 15.7 15.0 15.1 17.3 17.1 17.0 17.3 16.9 16.0 15.6 17.7
49C 21.1 15.5 14.7 16.0 14.8 15.6 17.6 17.4 17.3 17.3 146.8 . 15.7 17.4
S0A 17.7 17.1 16.7 16.1 17.2 . 18.3 . 26.2 26.3 23.4 22.9 24.1 24.%
0B 16.8 18.5 16.9 16.7 17.3 16.9 18.1 27.7 26.6 27.8 23.3 22.2 23.7 24.4
S0C 21.9 17.2 16.9 17.1 17.3 17.2 18.3 25.1 26.6 26.6 25.6 . 19.0 26.8
S1A 18.2 156.1 15.2 16.7 15.5 . 18.7 . 18.6 19.1 16.7 18.0 18.5 17.2
S51B 13.8 19.1 15.2 16.3 15.5 15.7 18.4 19.1 168.8 19.0 18.3 16.8 17.2 19.1
SIC 22.6 16.2 15.2 16.7 1853 16.1 18.7 18.9 18.9 18.8 18.2 . 16.9 18.7
S2A 18.2 16.9 16.2 16.6 16.7 . ig.8 . 25.4 25.7 22.7 22.4 23.4 22.8
S2B 16.7 19.1 16.4 16.7 16.8 16.8 18.6 26.8 25.7 27.1 22.8 21.9 22.6 19.46
S52C 22.5 17.1 16.3 16.9 16.7 17.1 18.8 24.6 25.7 2%.9 24,7 ., 18.4 25.8
S33A 17.2 14.5 12.8 1&.4 13.6 . 17.8 . 15.6 16.7 13.4 146.1 16.4 14,1
33B 14.1 17.8 13.0 15.14 13.4 14.4 17.7 16.2 15.5 15.8 16.2 13.6 13.8 17.1
S3C 21.3 14.6 12.7 15.3 12.9 14.9 17.9 16.9 15.6 15.8 15.2 . 14.6 15.2
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Table B-5 (cont.)

Temperature Data Section A,B,C

Degrees Celsius at Gage No

Event 1t 2 3 4 9 6 7 ) 9 10 11 12 13 14

S54A 16.2 14.5 13.1 15.7 135.9 . 16.8 . 17.8 19.1 14.4 16.7 17.4 14,7
S4B 14.2 16.6 13.2 14.2 13.7 14.6 16.6 19.1 17.8 19.1 17.0 13.6 14.8 18.1
S4C 20.2 14.8 13.1 14.6 13.4 15.1 17.0 18.8 17.8 18.6 17.1 . 13.8 17.7

S55A 14.8 13.5 12.0 14.8 12.3 . 13.1 . 12.6 14.3 9.7 12.4 12.7 10.3
S5B 13.1 14.89 11.6 12.6 11.8 13.1 14.7 13.3 12.4 14.0 12.6 9.7 10.5 13.5
35C 18.5 13.7 11.5 13.1 11.3 13.7 15.3 14.4 12.9 14.0 12.1 . 10.9 12.7

S6A 15.5 15.6 14.9 14.6 15.4 . 16.1 . 22.8 23.8 18.3 19.6 20.6 20.3
S6B 15.2 15.6 14.6 14.0 15.0 15.3 15.7 24.5 22.9 24.8 19.8 16.1 20.3 21.0
96C 19.3 15.6 14.7 14.6 14.8 15.8 16.1 22.6 22.7 23.6 21.5 . 15.7 22.4

574 15.5 13.9 12.9 14.9 13.3 . 15.8 . 14.5 15.5 11.5 13.7 14.% 12.9
97B 13.5 15.6 12.5 13.3 12.6 13.4 15.4 14.6 14.7 15.6 14.1 11.5 13.3 14.8
57C 19.3 14.1 12.6 13.9 12,4 14.1 15.8 15.4 15.0 1%5.6 14.2 . 13.1 14.8

38A 16.4 16.3 16.3 14,9 16.6 . 16.9 . 24.2 24.9 20.3 20.6 21.8 22.4
8B 16.2 16.7 15.9 135.1 16.4 16.1 16.6 25.7 24.6 26.7 21.1 19.3 22.4 22.2
98C 20.4 16.6 16.3 15.7 16.4 16.5 16.9 23.6 24.7 25.4 23.5 . 17.6 23.0

99A 17.2 15.8 15.2 135.9 15.7 . 17.7 . 17.1 17.7 14.8 16.3 16.8 16.1
99B 15.5 17.7 15.0 15.6 15.4 15.4 17.4 17.2 17.3 17.9 16.7 15.1 16.3 17.4
S9C 21.4 15.9 15.2 16.1 15.3 15.9 17.7 17.4 17.6 17.7 16.8 . 16.2 17.4

60/ 19.2 19.3 20.0 16.4 20,1 . 19.8 . 28.6 28.9 26.1 24.9 26.3 27.7
60B 19.3 20.1 19.8 18.6 20.1 19.1 19.6 30.4 29.1 30.6 25.5 24.9 27.3 26.6
60C 23.8 19.3 15.8 19.1 20.3 19.3 19.7 27.2 28.9 29.2 27.9 . 22.4 29.3
61A 19.8 17.9 17.6 17.9 17.8 . 20.3 . 19.6 20.0 18.1 19.3 19.9 19.2
61B 17.7 20.8 17.6 18.5 18.0 17.8 20.1 19.9 19.9 19.9 19.7 18.4 19.4 20.4
61iC 24.5 18.1 17.6 19.0 18.0 18.1 20.3 19.7 20.2 19.8 19.6 . 19.6 20.1
62A 21.1 20.7 21.2 18.2 21.3 . 21.7 . 29.4 29.7 26.4 26.2 27.6 28.7
62B 20.6 22.2 21.2 20.3 21.7 20.6 21.4 31.4 30.1 31.4 26.7 25.3 28.6 27.8
62C 26.1 20.9 21.35 20.9 22.1 20.9 21.7 28.1 29.9 30.1 29.1 . 23.9 30.5
&63A 21.5 19.6 19.1 19.6 19.2 . 21.9 . 20.8 21.4 19.4 20.7 21.4 20.4
636 19.4 22.7 19.2 20.1 19.6 19.4 21.8 21.8 21.3 21.5 21.2 19.8 20.8 22.0
63C 26.6 19.8 19.2 20.7 19.7 19.8 22.1 21.3 21.6 21.4 21.1 . 21.0 21.7
A4A 23.7 23.7 24.4 20.1 24.2 . 24.3 . 32.9 33.1 31.3 29.7 31.0 31.6
&4B 23.6 25.2 24.4 23.1 24.7 23.4 19.9 35.4 33.5 34.6 30.2 30.0 30.9 31.1
&4C 29.2 23.9 24.7 23.6 25.2 23.6 24.2 31.4 33.3 33.2 32.4 . 27.0 33.5
&5A 23.8 22.0 21.6 21.4 21.9 . 24.3 . 24.4 24.9 21.9 23.8 24.3 23.7
4%B 21.8 25.2 21.9 22.4 22.3 22.1 24.1 25.8 25.9 25.4 24.2 22.4 24.0 24.8
63C 29.4 22.3 22.0 23.2 22.8 22.4 24.4 24.4 25.3 25.0 24.6 . 23.6 25.3

B-19



Temperature Data

Event

&6HA
&6B
&6C

&7h
&7B
&7¢C

&8A
&8B
&8C

&9
&9B

&9C

70A
70B
70C

71A
71B
71C

72/
72B
72C

734
73B
73C

7448
74B
74C

75A
75B

764
76B
7&C

77R
77B
77C

23.2
24.7
31.1

24.3
21.2
29.9

23.7
21.7
29.3

21.9
19.3
27.1

19.7
i7.8
24.4

17.1
13.7

i4.7
13.5
8.2

13.2
12.6
16.2

13.6
12,4
16.6

14.7
12.8
18.1

15- 8
15.2
19.46

15.7
13.6
19.4

13.3
13.1

13.1
13.3
12.9

13.4
14.7
13.3

15.7
16.3
15.3

14.1
16.0
14.1

S8 B33 BRR
- N O N ~NUuN

17.46
17.9
17.7

16.5
16.2
16.1

14.4
14.0
13.8

12.6
12.1
11.9

12.3
11.4
11.4

12.4
11.8
11.7

12.9
12. 4
12. 4

15.8
15.4
15.4

13.46
13.2
13.2

;
;

888 U0 o

NNN
[y

Table B-5 (cont.)

Section A,B,C

Ceisjus at Gage No

&

16.0
16.3

13.8
14.3

7

25.8
H-6
23.8

24. 6
24,6
24.8

24.2
24.2
24.4

22.4
22.4
22.7

20.3
20.1
20.5

17.6
17.2
17.7

15.2
14.8
15.3

13.6
12.9
13.6

14.0
15.4
13.9

135.2
14.7
13.0

16.4
16.1
16.3

16.0

15. 6
16.0

B-20

36.8
32.6

24.5
23.7

31.8
28.9

22.2
21.9

9

28.46

3 3

NNN
|

13.1
12.8
i2.9

11.6
11.4
11.5

12.8
12.7
12.8

14.7
14.6
14.8

24.0
24.3
24.1

15.0
15.1
15.3

s et
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=N Q90 ~NO& VOFr WU DD

[
NN NNN A d oo om0

-
5 4 »
o9

I
w
.

[

14. 46
14.3

24.1
25.1
2.8

15.5
15.4
15.2

11 12 13

31.3 30.8 32.0
31.2 30.0 32.6
33.7 . 28.1

21.2 23.7 23.8
23.9 21.6 22.1
22.9 . 22.8

25.5 27.1 27.6
27.4 23.7 25.1
28.8 . 22.8

17.2 20.2 20.3
20.5 17.4 17.7
19.9 . 18.2

15.2 17.7 18.2
17.9 15.3 15.6
17.0 . 16.1

12.4 14.6 14.9
14.8 12.6 12.9
13.8 . 13.4

10.7 12.4 12.8
12.7 10.8 11.1
11.8 . 11.3

10.0 10.9 11.3
11.2 10.1 10.2
10.6 . 10.5

11.6 12.3 12.7
12.6 11.7 11.7
12.1 . 12.2

13.1 14.2 14.6
14.3 13.1 12.8
14.1 . 13.4

21.3 20.8 22.2
21.2 22.4 20.3
22.8 . 17.4

12.7 14.4 14.89
14.7 12.6 13.5
14.5 . 13.7

37 Ser 3RS BER BRY £H6
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[
F

11.1
13.6
12.3

10.3
11.8
it.1

i1.8
13.2
12.4

13.2
is. 9
14.4

21.0
22.4
23.9

13.3
13.4
13.1



Teaperature Data

Event

78A
788
768C

79A
798
79C

80A
80oB
80C

81A
a8
a1ic

82a
aze
8z2c

a83Aa
a83B
a3Cc

84A
84p
84c

85A
838
83Cc

86A
848
846C

a87A
87B
a87c

a8A
8ab
eac

a9A
9B
89cC

17.0
16.7
20.9

19.6
17.7
24._1

21.6
21.9
26.6

22.2
20.1
27.2

21.0
19.2
23.8

17.5
16.2
21.6

15.4
14.9
19.7

14.1
13.4
17.2

13.2
12.9
16.2

13.1
12.8
16.0

12.3
11.5
15.1

12.6
12.6
lshs

2

16.9
17.46
16.9

i8.0
20.8
18.1

21.9
23.3
22.2

20.3
24,0
20.3

19. 4
22.5
19.6

16.6
18.2
16.8

15.4
15. 6
15.4

14.1
13.8
13.8

13.5
12.8
13.3

13.4
12.7
13.2

12.1
11.7
11.9

13.1
12.1
12.9

3

17.4
17.0
17.2

i7.8
17.8
17.7

23.2
23.0
23.3

20.0
20.2
20.1

18.4
18.7
18.4

15.0
14.9
14.7

1.2
13.46
13.4

13.2
12.3
12.2

13.1
12.2
i2.1

12.9
12.3
12.2

1t.4
10.8
10.6

12.9
12.4
12.6

Degrees

4

15.3
16.2
146.8

17.7
18.56
19.5

18.4
21.3
22.1

20.2
21.2
21.8

- -

el [ ey
H UNW uhdf y!om & {4 D
DN

e

12.4

S

17.6
17.3
17.3

18.0
18.2
18.2

Table B-5 (cont.)

Celsius at Gage No

&

16.6
16.8

17.7
18.0

11.46
11.9

12.8
13.2

7

17.5
17- 1
17.3

20,1
19.8
20.0

22.3
21.9
22.1

22.7
22.56
22.7

21.3
21.2
21.3

17.9
17.6
18.1

13.6
15.1
15.7

14.3
13.6
14.2

13.4
12.8
13.4

13.3
12.7
13.2

12.6
11.%9
i2.4

12.9

12.3
12.8

B-21

25.4
23.3

19.1%
19.1

5i.8
28.4

22.9
22.2

20.9
20.6

16.1
16.4

14.6
15.2

12.1
13.2

9

24.6
24.8
24,5
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14.90

12.2
11.9
12.1

12.1
11.9
i2.1

13.1
13.1
13.1

11.3
11.2
11.1

IB- 3
18.4
18.5

10

24.8
ﬁ.?
24.7

19.3
i8.7
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Section A,B,C
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22.6
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2u5 538 NNN DAN
QW (I S ] QP8 NNw-
385 BEN

13.5
12.2
12.3

12.0
10- B
11.3

11.8
11.2
11.4

12.8
12.5
12.0

11.1
10.1
10. 6

15. 4
13.8
12.0

vy
F 3

TE

D) )
Al WO YN V00 NOO

[
A
.

-

vy
[
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14.7

12.2
14.2
13.35

11.0
12. 4
11.6

11.3
12.3
11.7

12.6
13.1
12.9

10.2
11.6
10.8

15.2
15.7
18.9



Concrete Temperatures at Section B for Hourly Readings, Augqust 1¢82

05
05
05
05
05
o5
05
o5
07
o7
o7
o7
o7
o7
o7
o7
07
07
o7
07
07
08
09
i0
11
12
13
13
13
13
13
13
13
13
i3
13
14
i4
14
14
i4
14
i4
14

Date
AUG
AUG
AUG
ALIG
AUG
AUG
ALG
ALG
AUG

AUG

I

0915
1015
1115
1215
1315
1415
1515
15615
0705
0800
0900
1000
1100
1200
1300
1400
1500
1600
1635
1700
1800
0925
0900
o850
1000
0200
0730
0900
1000
1100
1200
1300
1400
1500
1615
1700
0740
0900
1000
1100
1200
1320
1415
15153

Temperatures (Deg F)

1

S6
57
a8
59
60
b1
62
&2
&4
&4
&4
65
66
&7
&8
69
70
71
71
72
72
&8
&7
61
a9
56
S5
S5
35
95
a5
55
S5
29
S5
]
53
53
33
93
o4
a5
61
&2

2
61
61
61
&2
62
&2
&3
64
69
69
&9
&9
70
70
71
72
73
73
74
74
75
75
72
&5
&0
57
o9
35
S5
55
a5
a9
S5
a5
55
o595
93
53
53
a3

‘53

o4
&2
63

Table B6.

3
S6
57
S8
59
60
a1
62
&3
&4
64
a4
&5
&7
&8
70
71
72
73
73
73
73
&8
66
29
a6
oS4
=>4
54
o4
54
54
o549
o4
oS4
54
oS54
o1
St
22
52
o3
=4
61
62

B-22

4
a7
57
S8
S8
a9
&0
60
61
&3
&5
&5
65
&6
66
&7
68
69
70
70
71
71
70
67
&0
57
95
54
o4
S4
Sa
54
54
54
54
54
54
52
52
92
S2
52
o3
&0
&0

=

ab
S8
29
&0
61
62
&3
&3
65
-1+
65
bé
&8
&9
71
72
73
74
74
79
74
&9
66
&0
S7
23
35
55
o5
35
a5
SO
a5
55

a5
52
o2
S2
33
o4
35
&2

6
ob
57
59
59
&0
&1
&2
62
64
-1
&5
65
&6
&8
&9
70
71
71
71
71
71
&8
&7
&2
59
56
35
o5
55
]
a5
S5
35
34
S5
S5
33
S3
53
54
54
a5
61
&2

7
&0
&0
61
61
&1
&2
62
63
&8
68
&7
&8
&8
&8
&9
70
70
71
71
72
72
73
70
64
59
56
a5
S5

55

o5
95
a5
95
355
25
95
54
33
oS3
o3
54

&2
&2

™

S8
39
&0
61
61
62
&2
&6
66
b6
bb
&7
&8
&9
70
71
72
72
72
73
70
&8
61
58
56
55
55
S5
a5

S5
55
35
35
S5
53
23
S3
o3
a3
o4
&1

62

IAT



Table B & {(cont) 7
Carlson Gage Readings at Section B 1/4 Point Span 4

Temperatures (Deg F)

Date 8 9 10 11 i2 13 14
03 AUG 0915 a8 a7 &0 a8 a5 oé &0
053 AUG 1015 61 &2 a3 60 55 59 61
05 AUG 1115 &5 &5 &7 &2 56 &2 a3
03 AUG 1215 &8 &8 71 &4 a7 &5 &35
Q3 AU 1315 71 71 74 bé &0 &8 &7
00 AUG 1415 75 74 77 68 b6 70 70
03 AUG 1515 77 76 78 70 &8 72 71
05 AUG 1615 78 77 79 71 70 73 73
07 AUG 0703 bb bb bb &7 &4 b6 &8
07 AUG 0800 &6 b6 &6 &7 &4 66 &8
o7 AUG 0900 &7 &7 &7 &7 &4 &6 &8
07 AUG 1000 &9 &9 70 &7 &4 &8 &9
07 AUG 1100 72 72 74 &9 &5 70 70
07 AWz 1200 76 76 78 71 &b 73 72
07 AUG 1300 80 79 82 74 &9 77 75
07 AUG 1400 a4 82 85 76 74 79 78
47 AUG 1500 Ba 84 a7 78 79 82 a0
07 AUG 1600 a9 a7 a9 80 82 84 82
07 AUG 1635 89 87 89 81 83 85 83
07 AUG 1700 89 87 89 82 a3 85 a3
O7 AUG 1800 87 87 8a8 82 84 84 84
08 AULB 0925 73 73 72 73 71 73 74
09 AUG 0900 70 &8 &8 &9 &5 a7 70
10 AUG 0850 61 59 &1 &0 59 56 61
11 AUG 1000 58 57 99 49 34 94 o8
12 AUE 0900 54 54 55 o4 =33 92 54
13 AUG 0730 53 54 54 53 S92 52 o4
13 AUG 0900 53 54 54 53 52 52 54
13 AUS 1000 53 o4 o5 53 a3 a3 54
13 AUG 1100 5S4 54 55 54 a3 93 o4
13 AUG 1200 54 35 35 54 54 53 54
13 AUG 1300 a5 55 56 oS54 54 54 35
13 AUG 1400 55 o6 a7 55 35 o4 95
13 AUG 1500 55 56 57 ] 55 a5 S5
13 AUG 15615 35 56 S6 S5 55 355 56
13 AUG 1700 35 a5 S6 55 5S4 54 =13
14 AUG 0740 S1 52 33 52 50 50 S3
14 AUS 0900 51 52 53 52 51 50 o3
14 AUG 1000 o3 o4 55 52 S2 91 53
14 AUG 1100 56 57 59 oS4 53 oS4 35
i4 AUG 1200 a9 &0 &3 =7-) o4 57 57
14 AUG 1320 &5 65 &8 o9 o7 &0 &0
14 AUG 1415 73 74 77 &8 =71 70 70
14 AUG 1515 77 76 78 70 &8 72 71

B-23

TD
58
&0
&3
65
48
71
73
74
b6
b6
&7
68
70
73
77
80
a8z
85
85
86
86
73
68
59
Sé
53
53
53
54
54
54
55
55
55
55
55
52
52
53
55
s4
62
71
73

oAT
57
&3
&4
70
70
72
70

&4
70
72
77
82

a8

20
86
86
81
81
73
71
S5
92

52

52
52
52
S92
S2

50
44
52
59
a9

72
70



05
03

05
05
05

05
o7
o7
o7
o7
o7
o7
o7
o7
o7
o7
o7
07
o7
0g
o9
10
11
12
13
13
13
13
13
13
13
i3
13
13
14
14
14
14
14
14
14
14

Ta

ble B7.

Strains at Section B for Hourly Readings, August 1982

Date

3

HHEE R

0915
10135
1115
1215
1315
1415
1515
1615
0705
0800
0900
1000
1100
1200
1300
1400
1500
1600
1635
1700
1800
0925
0900
0830
1000
0900
0730

0900

1000
1100
1200
1300
1400
1500
1615
1700
0740
0900
1000
1100
1200
1320
1415
1515

Strains (microstrain)
1 2 3 4
-522 -410 +0 -371
-312 -602 +0 347
3505 -594 +Q =359
907 -5%0 +0 -353
-501 -585 +0 -348
903 -580 +0 341
501 -578 +0 -341
-499 -577 +0 -342
-S511 -—-4607 -—-4656 -377
=510 -603 ~6356 -377
~-313 -400 -430 -349
=508 -5946 -4648 -3&62
=502 -371 -—-&49 -357
=503 -582 -649 -348
=504 577 -4649 -342
508 -575 649 -340
306 -—-969 5646 -334
~-494 -567 -644 =332
-499 570 -447 -338
—-499 -549 -~&647 -337
493 -568 -4643 -339
-3504 -4600 +0 =342
311 -406 +) =372
-537 =615 +0 =380
535 -612 +Q -383
=337 -616 48489 -388
-a936 =613 +0 -390
-93&6 =609 +0 =390
535 4609 +0 -390
=535 409 +Q =387
=335 =610 +0 -387
-532 4046 +0 -38&6
-5931 406 +0 -383
=528 -4&0& +0 -382
=532 -610 +0 =386
-533F 4607 +0 =387
331 -611 +0 -391
-927 -&11 +0 =387
519 -&00 +0 =376
=507 -589 +0 =341
=505 -58% +0 -3&0
-514 -587 +0 =359
=503 -580 +0 =341
-501 -578 +0 =341

B-24

o
-701
~701
-702
703
—700
-&97
496
—&6935
~7064
706
=705
~-702
—-703
~703
~703
=703
=701
-&99
702
-4698

-695

—-&92
—-&99
711
-718
~724
-728
-728
~-731
727
=727
=727
=727
723
—728
=724
=723
=719
=714
~709
710
=707
—-&97
-&946

)
—20%
~502
—503
—501
~493
493
—492
-491
305
—305
-504
—302
—-499
—4946
—-493
—~494
—489
-487
—487
—483
—483
—495
=310
330
—534
-333
—335
~-935
=535
935
-531
-9531
-527
~9524
527
-528
—525
—525
-317
—-512
=510
-508
-493
—492

-5621

-616
—&608
—~603
-599
-593
-9592
321

-632
-629
-625
-&17
-612
~&04
-598
297
5721
-589
~-592
-591

~524
=428
~4630
-635
-627
—630
—-&26
-622
—-&22
—-622
—-618
-4618
-614
-618
-&418
~-618
—-626
—-61i8
~611
—603
=598
—593
-593
~5992



05
05
03
05
05
05

03
o7
07
o7
o7
o7
o7
o7
07
07
07
o7
o7
07
08
09
10
11
12
i3
13
13
13
i3
13
i3
13
13
13
i4
14
14
14
14
14
14
14

Date

AUG

AUG

AUG
ALG

AUG
ALG
AUG
AUG
AlG

AUG
AUG
ALG

AUG

ALIG
AUG

AUSG
AUG
AUG
AUG

09135
1015
1115
12135
1315
1415
1515
1615
0705
0800
0900
1000
1100
1200
1300
1400
13500
1600
14635
1700
1800
0925
0900
0850
1000
Q200
0750
0200
1000
1100
1200
1300
1400
1500
14615
1700
0740
0200
1000
1100
1200
1320
1415
1515

Table B ¥
Carlson Gage Readings at Section B

Strains
g 9
—214 247
=225 259
=234 273
-244 -285
=254 294
—-261 -308
-263 -~312
-268 -317
~212 =252
-209 -248
=210 =250
-216 =259
—226 -271
-235 -281
-247 =295
—~233 -307
-258 -312
-263 322
265 -325
. —264 =325
261 -321
213 =255
-214 -244
-214 232
-225 -244
=221 -238
—223 =246
=222 245
—22&6& 248
—-225 -—-248
—224 247
=227 =250
—229 252
=228 251
232 254
229 252
224 244
220 ~237
—224 249
=227 =254
—244 274
=264 -300
-261 -308
-263 312

10
~-365
-382
-399
-413
-428
~-439
~443
-442
~361
-358
-361
-377
-394
410
424
-43g
-444
-450
-450
-447
—-444
-345
-362
-359
-374
-363
-367
-367
-370
-369
-372
-374
~-377
-376
-377
-374
-368
-359
~376
-386
-410
-438
439
-443

B-25

(cont)
1/4 Point Span 4

{microstrain)

11
+172
+1467
+1465
+159
+133
+147
+140
+1346
+159
+162
+149
+1468
+1464
+1462
+1533
+148
+142
+136
+130
+132
+1245
+155
+143
+171
+152
+1468
+147
+167
+1463
+164
+1464
+1465
+1462
+163
+1356
+159
+163
+171
+14568
+176
+161
+151
+147
+140

12
+76
+80
+86
+84
+71
+44
+34
+28
+58
+58
+469
+70
+72
+78
+70
+45
+30
+12
+13
+11

+8
+52
+464
+81
+67
+&7
+58
+55
+36
+353
+50
+49
+44
+44
+435
+48
+A0
+465
+60
+64
+59
+49
+44
+34

13
+96
+87
+80
+67
+43
+50
+47
+42
+78
+82
+87
+79
+81
+69
+62
+50
+45
+35
+33
+33
+36
+79
+98
+114
+105
+103
+93
+23
+20
+71
+71
+89
+87
+84
+80

+94
+103
+99
+97
+85
+72
+50
+47

14
+57
+36
+55
+350
+445
+38
+33
+27
+31
+57
+63
+62
+60
+59
+52
+45
+41
+36
+34
+30
+25
+52
+38
+63
+58
+57
+56
+56
+56
+56
+57
+38
+33

. +53

+50
+30
+353
+59
+a7
+61
+53
+41
+38
+33
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APPENDIX C.
EXPANSION JOINT MOVEMENT DATA

Movements of the superstructure with respect to the abutment were
measured at Abutment 1 as shown in Figure 3-17. Interpretation of those data
are subject to uncertainties in the location of the fixed point for expansion
and contraction as discussed in the body of the report. Figure 3.18 shows the
total data set corrected to a constant temperature of 73 degrees F. Figure
3.19 is a plot of the uncorrected data for a period during the present study
when clear and sunny weather conditions prevailed. Data were corrected to

equivalent movements at 73 degrees F by the following relation:

d =d + (73-T)(5E-06)(x) where
d = distance at constant temperature of 73 degrees F
d = distance at temperature of T degrees F
x = distance from Abut 1 to fixed point = 672 ft = 205 m

for measurements after December 1978
This Appendix Tists measured values for the superstructure movements and the
same values, corrected as described above, to a temperature of 73 degrees F.

The columns headed "Difference” are the changes from the previous readings.
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Table C 1

Expansion joint movement at Abutment No 1

Date Day Temp Measured Distance at Differencex
bistance 73 Deg F in Distance
East West East West Etast West
Deg F mm mm nm mm mm min
20 Aug 77 269 &0 57 57 47 47
16 Nov 77 —181 32 54 - ¥4 21 34 -26 -13
12 Dec 77 -155 35 97 70 26 39 b
20 Dec 77 —-147 30 &4 76 29 41 = 2
06 -Jan 78 -130 235 76 8&6 37 47 8 &
23 Jan 78 -113 30 746 83 41 48 4 1
06 Febh 78 -99 35 74 86 45 S5 4 7
22 Feh 78 —-83 40 79 86 92 a9 7 4
13 Mar 78 —-&4 34 79 8é6 418 35 -4 -4
04 Apr 78 -42 40 76 as 49 a2 1 7
i4 Dec 78 212 35 133 24 45
08 Jan 79 237 10 152 156 88 Q2 —-&
26 Jan 79 2355 28 133 87 -1
22 Feb 79 282 29 127 a8z -3
20 Dec 79 283 35 140 101 19
21 Apr 80 704 45 127 98 -3
16 Nov 80 884 40 129 95 -3
13 Jan 81 Q73 40 132 98 3
16 Nov 81 1249 S50 127 104 &
09 Jul 82 1518 &5 112 123 104 115 O
12 Jul 82 1521 70 o8 i08 95 105 -~ -10
15 Jul 82 1524 a3 118 131 8 111t 3 &
i6 Jul 82 1525 92 123 134 102 113 4 2
17 Jul 82 1524 58 115 125 100 110 -2 -3
18 Jul 82 1527 62 109 120 98 109 -2 -1
19 Jul 82 1528 &1 109 120 97 108 -1 -1
20 Jul 82 1529 &3 107 i18 97 i08 0 0
21 Jul 82 1530 &0 110 121 97 108 (0] 0
22 Jul 82 1531 S& 117 127 100 110 3 2
23 Jul 82 1532 58 115 126 100 111 O 1
24 Jul 82 1533 62 110 121 9 110 -1 -1
23 Jul 82 1534 &7 104 115 98 109 -1 -1
246 Jul 82 15335 70 100 111 97 108 -1 -1
27 Jul 82 1536 74 94 104 95 105 -2 -3
28 Jul 82 1537 73 93 105 93 105 -2 0
29 Jul 82 1538 68 99 110 24 105 1 0
30 Jul 82 1539 64 104 115 95 104 1 1
31 Jul 82 1540 &0 112 122 29 109 4 3
¢1 Aug 82 1541 36 118 i2g 101 111 2 2

¥ Difference from previous reading at 73 deg F



Table C 1 {cont)

Expansion joint movement at Abutment No 1

Date Day Temp Measured Distance at Differencex
Distance 73 Deg F in Distance
East West East West East West
Deg F mm mm mm mm mm mm
Q1 Aug 82 1542 54 122 132 103 113 2 2
03 Aug 82 1543 55 120 131 102 113 -1 0]
04 Aug 82 1544 S7 113 123 97 107 -5 -&
03 Aug 82 1545 58 114 127 10% 112 4 S
07 Aug 82 13547 -7 106 117 99 110 -2 -2
08 Aug 82 1548 71 98 109 26 107 -3 -3
0% Aug 82 1549 &8 102 112 97 107 1 0
10 Aug 82 1550 61 111 122 99 110 2 3
11 Aug 82 1551 58 116 127 101 112 2 2
12 Aug 82 15352 S4 119 130 100 111 -1 -1
13 Aug 82 1553 35 121 132 103 114 3 3
14 Aug B2 1554 293 123 134 103 114 0 o]

% Difference from previous reading at 73 deg F
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APPENDIX D.
CREEP AND SHRINKAGE DATA PLOTS

Data presented in Appendix B to the CTL report are retabulated herein and
specific creep values are converted to creep factors (i.e., ratio of creep to
elastic strain). The creep factors were normalized as discussed in the main
body‘of this report. The resulting creep factors are plotted with time on a
logarithmic scale. Shrinkage data from Appendix B to the CTL report are also
retabulated and plotted. In addition, data comparing the shrinkage measured
from the shrinkage specimens is compared to shrinkage data from the companion

specimens to the creep specimens.
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Table D-1

finalysis of CTL creep data
Stage I concrete loaded at 4 days to 1200 psi
Modulus of Elasticity calculated from this data 3774 ksi

Calculation of creep coefficient for loading at t and at 28 days

Load Total Shrink Creep Creep Coefficient for
Dur’n Strain Strain Strain Load at 4 ftoad at 28

0 318 0 318 0.000 0.000

1 456 33 423 « 330 - 1465

2 513 66 447 - 40646 - 203

3 559 91 468 -.472 . 236

& &36 128 328 « 660 - 330

8 708 153 355 - 745 373
10 771 171 600 .87 - 444
17 873 223 &30 1.044 - 322
28 1003 293 710 1.233 -617
31 1013 306 707 1.223 .5612
37 1057 332 725 1.280 - 640
45 1100 357 743 1.336 . 648
52 1140 383 737 1.381 - &90
&5 1206 4246 780 1.453 - 727
94 1318 476 842 1.4648 .824
122 1384 494 890 1.799 - 200
150 14463 546 917 1.884 . 942
171 149646 599 937 1.947 - 974
195 1503 5956 987 1.978 -« 989
218 1524 564 960 2.019 1.010
2350 1561 588 73 2.060 1.030
2735 1576 593 983 2.091 1.0446
313 1576 581 995 2.129 1.065
334 1624 &246 998 2.138 1.06%9
359 1641 &29 1012 2.182 1.092
390 1656 631 1025 2,223 1.112
420 1670 631 1039 2.267 1.134
811 1673 581 1092 2.434 1.217
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Table D-2

Analysis of CTL creep data
Stage I concrete loaded at 27 days to 1900 psi
Modulus of Elasticity calculated from this data 4910 ksi

Load Total Shrink Creep Creep Coefficient for
Dur’n Strain Strain Strain Load at 27 Load at 28
0 387 0 387 0. 000 0.000
1 583 0 583 - 306 - 302
] 735 29 726 - 876 - 869
-3 7463 25 738 - 207 - 900
7 797 39 758 - 959 - 951
a8 814 43 771 - 992 -.984
11 865 49 8156 1.109 1.099
13 891 &0 831 1.147 1.138
14 904 &9 835 1.158 1.148
22 987 o4 893 1.307 1.297
29 1053 119 934 1.4413 1.402
36 1129 149 80 1.532 1.3520
42 1180 163 1017 1.628 1.4615
71 1350 213 1137 1.938 1.922
o9 1457 231 1226 2,168 2.150
127 153467 283 1284 2,318 2.299
148 1614 296 1318 2.406 2.3864
172 1639 293 1344 2.478 2.458
194 1665 301 13564 2.525 2.504
228 1722 324 1398 2.612 2.591
253 1737 329 1408 2.438 2.617
291 1759 318 1432 2.700 2.678
312 1805 343 1442 2.724& 2.704
337 1825 3b66 1459 2.770 2.747
368 1850 368 1482 2.829 2.806
398 1874 3468 1506 2.891 2.868
789 1920 318 1602 3.140 3.1%4



Tahle D3

Analysis of CTL creep data
Stage I concrete loaded at 20 days to 2000 psi
Modulus of Elasticity calculated from this data 3953 ksi

Calculation of creep coefficient for loading at t and at 28 days

Laad Total Shrink Creep Creep Coefficient for
Dur’™n Strain Strain Strain Load at 20 Load at 28

¢ ] 506 0 906 0.000 0.000

1 591 -12 593 -172 . 256

S &70 2 660 . 520 - 477

b 670 -8 &78 « 340 « F06

a 725 18 707 - 397 . 9?1
15 837 34 803 . 987 .874
22 921 48 873 « 729 1.080
29 975 &0 915 - 808 1.203
36 1008 36 972 921 1.371
64 1161 88 1073 1.121 1.668
85 1208 10t 1107 1.188 1.768
109 1256 98 1158 1.289 1.918
133 1306 106 1200 1.372 2.042
1465 1351 130 1221 1.413 2.103
190 1348 135 123X 1.437 2.139
228 1385 123 1262 1.494 2.224
249 1450 168 1282 1.534 2.283
274 1446 171 1295 1.55% 2.321
305 1478 173 1305 1.579 2.351
335 1521 173 1348 1. 6464 2.477
726 1580 123 1457 1.879 2.798
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Table D-4

Analysis of CTL creep data
Stage II concrete loaded at 5 days to 1500 psi
Modulus of Elasticity calculated from this data 4934 ksij

Calculation of creep coefficient for loading at t and at 28 days

Load Total Shrink Creep Creep Coefficient for
Dur’n Strain Strain Strain Load at 5§ Load at 28

4] 304 0 304 0.000 0. Q00

1 4465 26 439 - 444 =243

2 922 38 484 =592 . 324

3 557 56 901 - 648 . 395

) a71 72 499 -641 - 3ol

8 625 114 511 _ 681 . 373
10 &77 135 542 . 783 - 829
11 689 1490 ‘549 . 806 - 441
14 729 164 5965 - 859 - 370
17 770 180 590 =941 - 515
25 _ 837 214 &23 1.049 -.574
32 901 248 &53 1.148 . 628
39 9351 274 &77 1.227 672
45 990 288 702 1.309 . 717
74 1109 360 749 1.4464 . 801
102 1184 388 798 1.462%5 - 890
130 1271 440 831 1.734 . P49
151 1316 . 468 848 1.789 . 980
175 1322 {463 859 1.8246 - 799
199 1361 475 88s 1.914 1.048
231 1401 305 894 1.947 1.064
256 1414 518 894 1.947 1.0646
294 1417 313 204 1.974 1.080
315 1476 571 F03 1.977 1.082
340 1489 S46 43 2.102 1.151
371 1509 970 939 2.089 1.144
401 1519 548 951 2.128 1.1465
792 1536 528 1008 2.316 1.268
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Table D-5
Analysis of CTL creep data
Stage II concrete loaded at 28 days to 1200 psi
Modulus of Elasticity calculated from this data 4563 ksi

Calculation of creep coefficient for loading at t and at 28 days

toad Total Shrink Creep Creep Coefficient for
Dur™n Strain Strain Strain Load at 28 Load at 28

0 263 o] 263 0.000 0.000

1 342 9 333 . 264 . 266

2 365 0 365 . 388 . 388

9 480 35 445 - 692 . 692
14 518 47 471 . 791 . 791
ié6 539 &0 479 .821 .821
20 995 60 493 . 882 . 882
22 573 75 498 . B74 -.894
26 &00 88 512 - 947 - 947
30 618 98 520 -977 977
37 &46 120 526 1.000 1.000
44 &H47 105 342 1.061 1.061
72 758 188 570 1.167 1.167
100 841 243 9946 1.266 1.24656
107 835 2246 &09 1.316 1.316
128 865 . 255 610 1.319 1.319
152 868 230 618 1.350 1.350
176 893 261 &332 1.403 1.403
208 938 291 647 1.4460 1.460
233 248 305 643 1.445 1.4435
271 9261 300 &bl 1.513 1.513
292 1008 358 &350 1.471 1.471
317 1025 333 692 1.4631 1.4631
348 1053 3346 &97 1,650 1.4630
378 1061 355 706 1.684 1.684
749 1089 315 774 1.943 1.943
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Table D-&6
Analysis of CTL creep data
Stage II concrete loaded at 91 days to 2000 psi
Modulus of Elasticity calculated from this data 4386 ksi

Calculation of creep coefficient for loading at t and at 28 days

Load Total Shrink Creep Creep Coefficient for
Dur’n Strain Strain Strain Load at 21 lLoad at 28

(1) 456 o] 456 0.000 0. 000

i 570 47 523 -.147 » 220

2 o986 ' 25 961 « 230 =344

b H60 23 &35 - 393 - 987

7 &95 62 633 - 388 -380

9 &80 34 446 -417 -&23
146 748 20 728 - 396 - 891
26 841 59 782 =715 1.068
30 900 80 820 . 798 1.193
37 18 20 828 -816 1.219
44 936 72 864 - 89935 1.337
&5 PP6 100 896 - 9465 1.442
89 1048 95 993 1.090 1.629
113 1091 98 993 1.178 1.760
145 11446 128 1018 1.232 1.6842
170 1166 141 1025 1.248 1.865
208 1200 136 1064 1.333 1.993
229 1265 195 1070 1.346 2.012
294 1278 170 1108 1.430 2.137
285 1305 193 1112 1.439 2.150
315 1325 191 1134 1.487 2.222
706 1431 151 1280 1.807 2.700



Table D7
Analysis of CTL creep data
Stage III concrete loaded at 8 days to 1200 psi
Modulus of Elasticity calculated from this data 4428 ksi

Calculation of creep coefficient for loading at t and at 28 days

Load Total Shrink Creep Creep Coefficient for
Dur’n  Strain Strain Strain toad at 8 Load at 28

0 271 4] 271 0.000 0.000

1 355 ? 344 . 277 . 181

2 4035 11 394 -454 - 297

3 430 33 397 - 465 - 304
6 476 29 447 . 649 -~ 225
8 237 a8 449 - 657 - 430
10 569 98 471 .738 - 483
17 o667 148 519 -215 - 999
24 712 180 532 - 963 - 631
31 764 185 579 1.137 - 744
59 932 287 645 1.380 - 904
80O 1004 332 &72 1.480 - 969
104 1049 342 707 1.4609 1.053
128 1089 367 722 1.664 1.090
160 1170 400 770 1.841 1.206
185 1174 418 756 1.790 1.172
223 1195 415 780 1.878 1.230
244 1255 470 785 1.897 1,242
269 1267 4564 803 1.963 1.285
300 1290 470 820 2.026 1.3246
330 13464 4790 894 2.299 1.505
721 1346 430 216 2.380 1.558
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Table D-8

Analysis of CTL creep data
Stage III concrete loaded at 29 days to 2000 psi
Modulus of Elasticity calculated from this data 4444 ksi

Load Total Shrink Creep Creep Coefficient for
Dur’n Strain Strain Strain Load at 29 ilLoad at 28

0 450 0 450 0.000 0. 000
1 623 40 583 « 296 « 300
2 641 [} 635 «411 -417
3 670 15 &S5 - 4546 - 443

20 781 20 761 «&91 - 702
30 218 76 842 =871 .885
34 980 106 874 - 942 -957
41 1028 126 202 1.004 1.020
&9 1180 166 1014 1.253 1.273
93 1260 176 1084 i.409 1.431
117 1343 201 1142 1.538 1.561
149 1435 235 1200 1.667 1.692
174 1471 233 1218 1.707 1.733
212 1533 230 1283 1.831 1.880
233 1571 305 1266 1.813 1.841
258 1613 299 1314 1.920 1.930
. 289 1456 304 1352 2.004 2.035
319 14681 304 1377 2.0460 2,092
710 1785 265 1520 2.378 2.414
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Table D9
Analysis of CTL creep data
Stage Il1I concrete loaded at 92 days to 2000 psi
Modulus of Elasticity calculated from this data 4348 ksi

Calculation of creep coefficient for loading at t and at 28 days

foad Tatal Shrink Creep Creep Coefficient for
Dur’n Strain Strain Strain toad at 92 Load at 28

0 #4560 o) 460 0. 000 0.000

1 345 0 945 . 185 277

1 545 0 945 . 185 277

2 S48 -6 574 .248 « 372

3 596 3 593 . 289 . 434

& 541 S 636 .383 -574

10 663 S 638 - 430 . Hh46

20 725 & 719 . 363 . 845

27 776 10 746 -« 665 =998

44 8446 31 815 772 1.158

76 Q64 &5 201 . 999 1.438
101 1015 a3 932 1.026 1.539
139 1061 80 981 1.133 1.699
1460 1150 135 1015 1.207 1.810
185 1173 129 1044 1.270 1.905
216 1218 134 1084 1.357 2.035
244 1250 134 1116 1.426 2.139
&37 1378 95 1283 1.789 2.484
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Table D10

Analysis of CTL shrinkage data
Stage I concrete loaded at 4 days to 1200 psi

Comparison of shrinkage from creep data with basirc shrinkage data

Age l.oad Creep Shrink Ratio
Dur’n Data Data’ c/s

S 1 33 & H59.249

& 2 66 17 3.883

7 3 ?1 33 2.628
10 6 128 62 2.063
12 8 153 78 1.953
14 10 171 24 1.918
21 17 223 141 1.577
32 28 293 201 1.460
35 3t 306 209 1.4465
41 37 332 239 1.391
49 45 397 2&64 1.352
56 592 383 294 1.302
69 a5 8426 326 1.305
98 94 476 378 1.260
126 122 494 395 1.251
154 150 546 /442 1.235
173 171 959 452 1.236
199 195 556 431 1.233
222 218 9564 4460 1.226
234 250 588 482 1.219
279 273 993 485 1.222
317 313 581 483 1.202
338 334 L2686 520 1.204
363 359 &29 8523 1.203
394 390 631 925 1.203
424 420 631 527 1.197
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Tahle D11

Analysis of CTL shrinkage data
Stage I concrete loaded at 27 days to 1900 psi

Comparison of shrinkage from creep data with basic shrinkage data

Age Load Creep Shrink Ratiao
Dur’n Data Data c/s
28 1 0 7 0. 000
32 S 29 22 1.324
33 & 25 24 1.0446
34 7 39 26 1.509
35 B8 A3 32 1.347
38 11 49 49 - 795
40 13 &0 S5é 1.075
41 14 69 a9 1.170
49 22 24 84 1.115
=26 29 119 114 1.040
63 36 149 136 1.098
&9 42 163 147 1.112
{8 71 213 198 1.074
126 99 231 215 1.075
154 127 283 262 1.0890
175 148 296 272 1.087
199 172 293 271 1.080
223 196 301 281 1.071
255 228 324 303 1.070
- 280 253 329 305 1.078
318 291 318 3064 1.040
339 312 363 340 1.066
3464 337 366 - 343 1.067
395 368 368 345 1.0467
425 398 368 348 1.057
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Table D12

Analysis of CTL shrinkage data
Stage I concrete loaded at 90 days to 2000 psi

Comparison of shrinkage from creep data with basic shrinkage data

Age lLoad Creep Shrink Ratio
Dur’n Data bata c/s
21 1 -12 3 —4_044
95 5 2 22 . 091
25 ) -8 24 —= 339
98 a8 i8 29 . 631
105 15 34 43 . 783
112 22 48 56 « 850
119 29 &0 48 1.238
126 346 Ib6 45 793
154 o4 88 92 - 235
175 85 101 102 . 989
199 109 98 101 - 769
223 133 106 1114 - 256
255 165 130 133 - 781
280 190 135 135 1.000
318 228 123 136 - 907
339 249 148 170 - 2846
364 274 171 173 . 788
395 305 173 175 « 990
425 335 173 178 972
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Table D13

Analysis of CTL shrinkage data
Stage I1 concrete loaded at 5 days to 1500 psi

'Comparison of shrinkage from creep data with basic shrinkage data

Age Load Creep Shrink Ratio
Dur’™n Data Data c/s
& 1 246 11 2.353
7 2 38 20 1.864
8 3 56 28 1.966
9 4 72 40 1.820
13 8 114 71 1.603
15 10 135 84 1.4604
16 11 140 89 1.5465
19 14 164 107 1.538
22 17 180 123 1.448
30 25 214 151 1.415
37 32 248 174 1.421
44 39 274 196 1.401
50 . 43 288 217 1.329
79 74 360 281 , 1.282
107 102 388 320 1.212
135 130 4490 361 1.219
156 151 448 381 1.227
180 175 4463 380 1.219
204 199 475 394 i.204
236 231 505 422 1.196
2461 256 518 432 1.200
299 294 513 442 1.162
320 315 571 480 1.189
345 3490 S4& 4464 1.175
376 371 970 484 1.177
406 401 5468 484 1.148
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Table D14

" Analysis of CTL shrinkage data
Stage II concrete loaded at 28 days to 1200 psi

Comparison aof shrinkage from creep data with basic shrinkage data

Age lLoad Creep Shrink Ratio
Dur’n Data Data c/s
29 1 9 -5 —-1.997
30 2 0 7 0.000
37 ? 33 39 - 897
42 14 47 o9 . 856
44 16 a0 a1 - 982
48 20 &0 75 - 798
50 22 75 a8z - 920
34 26 88 98 . 827
58 30 a8 116 -848
&5 37 120 133 - P02
72 44 105 1446 - 720
100 72 188 1946 - 758
128 - 100 245 213 1.152
135 107 2246 226 1.000
156 128 235 237 - P93
180 152 230 265 . 944
204 176 261 266 - 981
236 208 291 284 1.024
2461 233 305 297 1.026
299 271 300 292 1.027
320 292 358 303 1.180
3435 317 333 334 - 995
374 348 336 337 1.056
406 378 355 338 1.050
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Table D13

Analysis of CTL shrinkage data
Stage II1 concrete loaded at 91 days to 2000 psi

Comparison of shrinkage from creep data with basic shrinkage data

Age Load Creep Shrink Ratio
Dur™n Data Data c/s
92 1 47 -11 —-4.273
93 2 25 1 20.4460
97 é 23 22 1.121
98 7 &2 23 2.920
100 9 34 29 1.177
107 16 20 44 - 458
117 2646 99 51 1.149
121 30 80 38 2.123
128 37 0 446 1.970
135 14 72 99 1.222
156 65 100 F0 1.115
igo 89 95 98 971
204 113 96 99 . 989
236 145 128 117 1.093
261 170 141 130 1.083
299 208 136 125 1.086
320 229 195 134 1.430
345 254 170 147 1.016
376 283 193 170 1.135
404 315 : 191 171 1.117
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Table Dis

Analysis of CTL shrinkage data
Stage III concrete loaded at 8 days to 1200 psi

Comparison of shrinkage from creep data with basic shrinkage data

Age Load Creep Shrink Ratio
Dur™n Data Data c/s

9 1 9 & 1.577
10 2 11 21 - 524
i1 3 33 24 1.401
14 &6 29 46 . 625
16 8 88 b1 1.443
18 10 28 &9 1.417
25 17 148 100 1.480
32 24 180 132 1.365
39 31 185 157 1.182
67 59 287 206 1.393
88 80 332 279 1.190
112 104 342 312 1.096
136 128 3&7 334 1.097
168 160 400 350 1.142
193 i85 418 308 1.1467
231 223 415 391 1.061
252 244 470 402 1.149
277 269 464 401 1.157
308 300 4790 438 1.073
338 330 470 434 1.083
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Table D17

Analysis of CTL shrinkage data
Stage II1 concrete loaded at 29 days tao 2000 psi

Comparison of shrinkage from creep data with basic shrinkage data

Age Load Creep Shrink Ratio
Dur’n Data Data c/s

30 1 40 15 2.667
31 2 &6 18 - 333
32 3 15 20 .748
49 20 20 84 . 237
59 30 76 125 - 607
&3 34 106 134 - 791
70 41 126 148 .854
98 &9 14646 197 -841
122 3 176 2046 - 853
144 117 201 251 - 800
178 149 235 270 « 870
203 174 253 271 -.934
241 212 250 293 - 854
242 233 305 302 1.009
287 258 299 301 « 793
318 289 304 304 1.000
348 319 304 340 -895
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Table D18

Analysis of CTL shrinkage data
Stage III concrete loaded at 92 days to 2000 psi

Comparison of shrinkage from creep data with basic shrinkage data

Age Load Creep Shrink Ratio
Dur’n Data Data c/s
93 1 0 14 0.000
93 1 o i4 Q.000
945 2 -6 27 —.222
95 3 3 30 -101
98 & 3 36 . =138
102 10 S 45 -.110
112 20 & &4 . 093
119 27 10 54 . 184
136 44 31 72 -429
1468 76 65 108 - 600
193 101 a3 107 -774
231 139 890 124 « 643
252 140 135 139 « 270
277 185 129 143 - 900
308 216 134 133 1.004
338 2446 134 177 - 735
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APPENDIX E.

OBSERVATIONS, FINDINGS AND RECOMMENDATIONS OF CTL REPORT
AND SELECTED EXTRACTS FROM CTL REPORT






Report to

STATE OF WASHINGTON
BEPARTMENT OF TRANSPORTATION
Agreement Y-1837

INSTRUMENTATION OF

DENNY CREEK BRIDGE

by

K. N. Shiu

J. D. Aristizabal-Ochoa
H. G. Russell

Submitted by

CCONSTRUCTICN TECHNOLOGY LABORATORIES
A Division of the Portland Cement Association
5420 014 Orchard Road
Skokie, Illinois 60077

August 1981



TABLE OF CONTENTS

HIGHLIGHTS . . v & v 4 4 & « 4 « o o o o o . .
OBSERVATIONS, FINDINGS, AND RECOMMENDATIONS . .
Observations . . . . v v v ¢ v v 4 v o .« .
Findings . . . . « ¢ ¢ v 4 v v v 4 e o w W .
Recommendations . . . . +« « ¢ ¢ « 4 4 o« o .
INTRODUCTION . « « @ o 4 v v & o o 4 o o o o .
OBJECTIVE . . . + & « &+ o 4 ¢ o 5 o o & o o o
SCOPE . . & & v v 6 4 & 4 v o e e e e e e e e
FIELD MEASUREMENTS. . . v 4 &« ¢ « « = o« o« o =
Instrumentation . . . . . . . . . . . . . .
Field Data . ¢ v 4 4 ¢t 4 4 « o o o o o o &
LABORATORY TESTS . . & 4 & o o « « & o o o o«
Physical Properties . . . . .+ « ¢« v + & . .
Creep and Shrinkage . . . . . . . . . . . .
DATA ANALYSIS . . . & v « 4 4+ o o o o o o o« o
Method of Analysis . . . . . . . . .+ . . .
Instantaneous Deformation . ., . . .

Creep Deformation . . . . . . . . .

Shrinkage Deformation . . . .
Internal Temperature Deformat1on . .

Data Interpretation . . . . . +. + ¢« ¢« . . .
Measured Field Data . . . . . .

Comparisons of Calculated and Measured
Results . . . . . + v ¢ v v « ¢ v o .

SUMRY . » L] . - . - L] L] . L] - - . » L] L] . L] .
ACKNOWLEDGMENT » - L] L] . . . - L] L] L] - - * . -

REFERENCES . . + 4 4 ¢ ¢ v 4 v o o« o &

-

+» & & @

L S B

. ¢ =8 @

Page No.

LY I P

E-2



APPENDIX A
APPENDIX B
APPENDIX C

APPENDIX D

TABLE OF CONTENTS (continued)

MEASURED CARLSON READINGS
MEASURED CREEP AND SHRINKAGE DATA
STRESS ANALYSIS DATA

INTERNAL TEMPERATURE STRESS AND

STRAIN DATA

-

-ii-

Page No.

Al
Bl
Ccl

D1



Observations

In the first 100 days, longitudinal deformations in the
bridge were caused primarily by instantaneous strains.
After the casting of Stage III, measured strains indi-
cated that the bridge behaved as a monolithic homoge-
neous structure.

Temperature differentials as large as SOF were measured
across construction joints.

Large shear lag strains were recorded in the bottom
slab of the box girder especially at Section A. The
measured strains at the cornefs of the bottom slab were
substantially larger than those measured at the center
of the slab.

For Stage I, approximately 90% of the measured deforma-
tions at 500 days were instantaneous strains. For
Stages II and III1, creep and shrinkage strains made up
more than 50% of the total deformation.

In the first 200 days, small tensile strains were
recorded in Stage III construction at Bridge Section C.
Subsequently, tensile strains decreased steadily. At
age 500 days, all strain meters indicated compressive
strains in concrete.

Field data measured with Carlson strain meters at each

section yielded consistent strain histories.
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Findings

Strains caused by temperature induced stresses had to
be considered in determining the total calculated
strain, |

Temperature gradients occurred across construction
joints when concrete of a new stagerwas placed. Con-
sequently, internal stresses were induced as the con-
crete temperatures became equalized. When the tempera-
ture gradients were higher than 30F, induced tempera-
ture stresses were probably large enough to exceed the
tensile strength of the concrete.

Strain differentials between the corners and the mid-
section of the bottom slab occurred at all instrumented
sections._ However, differentials were less for sec-
tions further away from the pier. This effect was
attributed to the presence of prestressing tendons in
the bottom slabs in sections away from the piér. No
prestressing was located in the boftom slab close to
the pier,

A simplified method of analysis was used to calculate
deformations caused by creep, shrinkage, and tempera-
ture. With the exception of strains at the corners of
the bottom slab, excellent agreement between measured
and calculated values was obtained.

Based on comparison between measured and calculated
strain histories, it can be concluded that stress
levels in the Denny Creek Bridge were reasonably pre-~
dicted by the designer's stress analysis. However,

-3-
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temperature-induced stresses were not considered.
Temperature~induced stresses between 475 psi tension
and 426 psi compression were calculated from measured

temperature differentials.

Recommendations

Based on the results and findings of this investigation, the

following recommendations are made for design of bridges by the

three stage method of construction.

1.

Use of concretes with comparable elastic properties
will minimize strain or stress redistribution within
cross-sections.

Since instantanecus strains are a major portion of the
total deformation, accurate estimates of dead weight
and post-tensioning streéses are necessary to accur-
ately predict deformations in the bridge.

Attention and care should be given‘to control of con-
crete temperature during casting. Temperature of con-
crete to be placed should be as close as practical to
the temperature of the old concrete. In addition, heat
of hydration should alsc be considered. If large tem-
perature differentials are unavoidable, analyses should
be made to determine the effect of the temperature
differentials.

Collecting of field data should continue since very
little information about long-term creep and shrinkage

behavior of box girders exists at present.
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5.

The information contained in this report should be
developed into a procedure that can be used directly

for design of other bridges.
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TABLE 1 ~ SEQUENCE OF FIELD READINGS

zading

Time
No. Date Event Days
Stage I
1 May 16, 78 | Zero reading before first post-tensioning 0
2 " 19, " After post-tensioning 3
3 " 24, " Truss moved to next span, 250 kip load on 8
4 30, " One day prior to Stage II casting of Span 4 14
Stages I and II
5 June 1, 78 ; One day after casting Stage II of Span 4 16
6 " 5, " Just prior to post-tensioning Stage II of Span 4 20
7 " 5, " Just after post-tensioning Stage II of Span 4 20
8 n 6, " Truss load on cantilever 21
9 " 9, " After casting Stage I of Span 5 24
10 " 14, " After post-tensioning Stage I of Span § 29
11 " 19, " | After moving truss from Span 5, 250 ~ip load on 34
12 " 22, " | Before casting Stage II of Span 5 37
13 " 22, " | After casting Stage II of Span 5 37
14 . 26, ~ Before post-tensioning Stage II of Span 5 41
15 " 27, " After post-tensioning Stage II of Span 5 42
16 July 5 " Before casting Stage IIIA of Span 3 50
17 " 6, " After casting Stage IIIA of Span 3 51
18 " ig, - Before casting Stage IIIB of Span 3 64
19 " 2, " After casting Stage IIIB of Span 3 65
20 Aug. 7, " Before casting Stage IIIA of Span 4 83
Stages I, II and III

21 8, 78 | After casting Stage IIIA of Span 4 B84
22 o0, " After post-tensioning Stage IIIA of Span 4 86
23 lg, " Before casting Stage IIIR of Span 4 24
24 " 9, " After casting Stage IIIB of Span 4 95
25 " 21, " Before post-tensioning Stage IIIB of Span 4 97
26 " 24, " After post-tensioning Stage IIIB of Span 4 100
27 Sept. 18, * Before casting Stage IIIA of Span 5 125
28 n 20, ™ | After casting Stage IIIA of Span 5 127
29 Oct. " Before casting Stage ITIB of Span 5 140
30 " 13, " After casting Stage IIIB of Span 5 150
33 Dec., 13, " After winter shutdown of 1978 211
32 April 26, 79 | Restart work of 1979 345
33 July 26, " 436
34 Oct., 19, " 520
35 Jan. 23, 80 616
36 April 24, 80 708
37 Aug., l, 80 806

=]13=-
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Variations of specific creep of concrete with time for each
construction stage are shown in Fig. 10. Specific creep is
defined as the amount of creep strain under unit stress
expressed in millionths/psi. Concrete shrinkage was excluded
from creep strain. Different curves in the figure represent
specific creep of concrete loaded at different ages.

The relationships of drying shrinkage versus time for each
construction stage are shown in Fig. 1ll. Shrinkage tests were

started at nominal concrete ages of 3 days.

DATA ANALYSIS

To investigate stress redistribution in the box girder of
Denny Creek Bridge, time-dependent behavior of selected sections
was analyzed. Measured strains cannot be used directly to cal-
culate stress levels because of the time-dependent behavior and
redistribution of stresses caused by different end conditions.
Therefore, an iterative procedure was developed to estimate
stress levels in the box girder.

First, a set of stress histories were assumed for the
instrumented bridge sections. Corresponding strain histories
were calculated including time-dependent strain components such
as creep and shrinkage. 1In addition, significant secondary
deformations caused by temperature-induced stresses were also
included. The resulting strain history was then compared with
the actual measured data. If reasonable agreement was achieved,
assumed stress history was a good estimate of the actual stress
conditions in th: bridge. Otherwisé, stress history had to be

modified and the analysis repeated.

~23- _ E-11



Method of Analysis

Generally, long-term deformations of concrete structures can

be analyzed in terms of four major components:

1. Instantaneous deformation
2. Creep deformation

3. Shrinkage deformation

4, Secondary deformation

Total deformation is the sum of the instantaneous, creep,
shrinkage, and secondary strains. A significant secondary com-
ponent considered in this report is the deformation induced by
internal temperature differentials. Other sevondary components
are differential shrinkage between construction stages and
restraint moments due to supporting conditions. However, only
temperature differentials were considered in the present
analysis.

Calculated deformations at different bridge sections were
based on stress histories supplied by the State of Washington.
These streéses had been calculated using Dyckerhoff and Widmann
Computer Program dated June 1977.

A computer program was developed in CTL to calculate effects
of creep and shrinkage. Creep and shrinkage properties of con-
crete were obtained from laboratory tests. Laboratory results
were expressed as a logarithmic function of time. Functions
obtained were then used as input for the computer program to
estimate creep and shrinkage in the bridge.

Tt has been shown that inelastic deformations can be ade-
guately pLedicted(S"S) from the properties of 6x12-in. diameter
plain concrete cylinders.
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Instantaneous Deformation

Instantaneous deformations were calculated using the modulus
of elasticity of concrete together with the stress history.
Modulus of elasticity of concrete for different construction
stages at different ages was measured by laboratory tests.

As listed in Table 2, variation of modulus of elasticity of
concrete with time was relatively small. Therefore, average
value of the modulus for four different concrete ages was used
in the analysis. Modulus values of 4163 ksi, 4800 ksi, and
4645 ksi were used for Stages I, II, and III respectively.

Stress histories used in the analysis of Sections A, B, and
C were based on the output of the Dyckerhoff and Widmann Com-
puter Program, dated June 1977. Dead loads and construction
loads induced before and after significant events were included
in the calculations. Detailed explanation of the assumptions
and the accuracy of the listed stress histories are given in
Appendix C.

The stress histories of Sections A, B, and C are listed in
Tables Cl, C2, and C3, respectively.

Creep Deformation

Superposition method(g) of calculating creep under variable
stresses was used. This method used the assumption that creep
strains produced by an increment of stress are independent of

the effects of any other stresses applied at a different time.

Other assumptions are as fbllows:
1. Concrete creeps in tension at the same rate as in
compreséion.
2, Creep is linearly proportional to the applied stress.
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With these assumptions, the time-dependent relationship
between applied stress angd creep strain can be written in the

following form.

‘er (8) = fo ®cru (¢ to) +€ F(ti) Eorylts ) (1)
o
where:
fo = initial stress in concrete at the time of
first loading, to'
ecru(t' to) = specific creep strain at time t, for con-
crete loaded at the.age to'
F(ti) = additional stress increments or decrements
applied at time t°< ti< t,
Bcru(t' ti) = specific creep strain at time t, for con-

crete loaded at age ti:> to'

Specific creep strain, €oryr Used in the expression was
obtained from tests of concrete in the laboratory. Specific
creep curves given in Fig. 9 were used. Effects of age of load-
ing on creep were taken into consideration. Specific creep
strains loaded at a given age were estimated by linear inter-
polation between the experimental Creep curves.

The creep values obtained were modified for size effects.
It has been shown by Hansen and Mattock(s'lo) that effects of
size on creep are related to volume-to-surface-area ratio of
members. Modification factors used for a 6x12-in. concrete

cylinders in relation to other volume-co-surface-area ratios of

a structure are shown in Fig. 12,

-28-
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Two sets of volume to surface area ratios for each section
were calculated. The ratios were first calculated by including
both the inside and outside surface areas. Then ratios were
checked by considéring the outside zarea only. The ratios thus
obtained ranged from 7.6 in, to 8.3 in. and 10.2 in. to 11.2 1n.
corresponding to conditions with and without the inclusion of
inside surface areas respec%ively. From Fig. 12, it is seen
that size modification factor for creep is independent of volume
to surface ratios when the ratio is greater than 6 in. There-
fore, the bridge section can be considered either as a solid or
hollow section for size correction. Size modification factor
of 0.62 was used throughout the analysis.

Creep values were further medified for the effects of rein-

forcement with the equation suggested by Dischinger (*1r12s13)

Fer ° Ezgg (1 -~ e aCEC) (2)
where:
E., = Creep strain
C = sgpecific creep of unreinforced concrete with the
same volume-to-surface-area ratio as the bridge
E = modulus of elasticity of concrete

E = modulus of elasticity of steel

Pg = percertage of reinforcement
p._n
o =
l +p n
Pg
Ec

-30-



Creep calculations were made by assuming stresses to be
applied in increments. The stress histories listed in Tables
Cl, C2, and C3, for the three selected sections were used in
the analysis.

Shrinkage Deformation

Shrinkage deformations were obtained from the laboratory
tests started after approximately three days curing. Shrinkage
values were modified for volume-to-surface-area effects by using
the appropriate correction factors shown in Fig. 13. Volume-to-
surface-area ratios ranging from 7.6 in. to 8.3 in. were used.

Dischinger's equation was used to account for the presence of

reinforcement.
- OaCE
S c
E. = m - (1 -e ) (3)
s CEst
where:
&, = shrinkage strain
S = shrinkage of unreinforced concrete with the same

volume-to-surface—area ratio as the bridge
In contrast to the creep calculations, shrinkage was cal-
culated for different ages in only one increment.

Internal Temperature Deformation

"Concrete temperature data for Sections A, B, and C are
listed in Tables A2, A4, aﬁd A6, respectively. Temperature
differentials across constructidn joints of 20F to 50F were
observed after concrete casting. The new concrete had the
higher temperature. 1If free movements were allowed, relative

temperature deformations would result across cold joints
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between construction stages. However, in reality, fresh con-
Crete was restrained by the relatively cool adjacent concrete
surfaces., Temperature stresses were thus induced.

Induced temperature stresses at construction joints were

calculated as follows:

% = Stukg (4)
where:
o, = internal temperature stress
8 = temperature differential
H = coefficient of thermal expansion
Ec = concrete modulus of elasticity

It was assumed that induceg temperature stresses were
applied to the restraining concrete surface as additional com-~
Pressive force. Because of equilibrium, an equal tensile force
also existed in the new concrete. The stress condition can be
illustrated by the free body diagram in Fig. 14.

With the presence of temperature Stresses, cross~sections of
Stages I and II would attain a certain curvature., Because of
compatibility of deformations, the curvature of Stages I and II
should be the same and deformations across construction joints
should be equal. Using these two conditions, moment and shear
at construction joints were calculated. Stresses at selected
locations in both sections were then determined. This me thod
was first derived and used by Mattock.(l4) Calculation details
are given in Appéndix D. The resulting temperature stresses
after redistribution for Sections A, B, and C are summarized in

Tables D1, D2, and D3 of Appendix D, respectively.

-32-
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Fig.

14

Free Bocdy Diagram of Stage 1
and Stage II Constructicn
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To study time~dependent effects of induced temperature
stresses, stress-relaxation of concrete was considered. Stress
relaxation is the long-term decrease of stresses in a member at
constant strain. A simple rate of creap formula developed by
Mattock(l4) was uéed for calculating stress relaxation. The
relaxation function is given as focllows:

-8, 1
R = i1 - =
( e ) 5 (5)

where:
R = residual stress factor

[

p = = = creep strain ratio
e

g = Ccreep strain

Eg = elastic strain

Creep strain ratio, g , in Eguation (5) was calculated based
on laboratory creep data. The relationship of residual stress
factor after relaxation versus the creep strain ratio is illus-
trated in Fig. 15. Using this function, temperature induced
stresses were reduced continually with time. Induced tempera-
ture strains were then calculated based on the reduced stresses.

The estimated temperature strains for sections A, B, and C
are listed in Tables D4, D5, and D6 of Appendix D, respectively.
It is noted that stress-relaxation of concrete had little effect
on the estimation of temperature strains and thus can be

neglected.

Data Interpretation

In this section, comparisons between measureé field data and
calculated strains are made. Observations and findings from the

comparisons are presented.
-34- E-20
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APPENDIX C -~ STRESS ANALYSIS DATA

In this Appendix, computed stress histories of the three
instrumented sections are presented. Locations of the computed
stresses are given in Fig. Cl. The computed stresses of each
section at different stages are listed in Tables Cl to C3.

Data were furnished by the Washington State Department of
Transportation upcn request. In a letter dated February 28,
1979, C.S. Gloyd, Bridge and Structures Engineer pointed out
the following facts concerning the stress values,

"The stress values at Sections B & C have been obtained by

interpclating between different sectioné in the designer's

computer ocutput. We checked some of these values using the
posf-tensioning sub-contractor computer output. The corre-

lation was only fair with variations up to 15%."
ﬁowever, these computed values were used only as a basis for
comparison with the field readings.

Assumptions made in the stress analysis are:

1. The structure behaves as a plane frame. Horizontal

curve is not considered,

2. Creep and shrinkage is not considered for construction

loadings.

3. Changes in sectional properties are considered (such

as at supports),

-Cl~
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Prestressing and construction loads are considered to
act on the existing box section at the time of the
prestress or load application. As construction
proceeds, stresses resulting from additional prestress
and construction loads are calculated based on the
sectional properties at the time of application. These
stresses are then superimposed on existing 3siresses.

A computer program is used to calculate deformations
and forces,

Stress is proportional to deformation for instantaneous
deformations. |

A plane section before loading remains a plane section
after loading.

Stresses are assumed to vary in a straight line between
sections.

No change in prestress force was included in the

calculations.

(2 -
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TABLE Cl - STRESS

HISTORY FOR SECTION A

Reading No. a b Lgcatiog e f Tim
_ e
(psi) (days)

After Releasing Truss Span 4 | - 264 +1857 - - - - 3
After Launching Truss Span 4 | - 121 +1614 - - - - 8
(250k)

After Casting Stage TI Span 4 + 420 + 765 - - - - 16
After Casting Stage I Span 5 + 636 41213 +457 +477 - - 24
After Releasing Truss Span 5 + 450 +1336 +571 +638 - - 29
"After Launching Truss Span 5 + 462 +1326 4561 +625 - - 34

{250k)

After Casting Stage II Span 5 + 602 +1236 +471 +507 - - 37
Before Casting Stage IIIA Span 3 + 557 41262 +498 +542 - - 50
After Casting Stage IIIA Span 3 + 450 +1321 +556 +627 - - 51
Before Casting Stage IIIB Span 3 + 442 +1327 4562 +629 - - 64
After Casting Stage IIIB Span 3 + 478 +1306 +541 +601 - - 65
Before Casting Stage IIIA ! Span ¢ + 476 +1308 4543 +604 - - 83 !
After Casting Stage IIIA Span 4 + 887 +1063 +298 +277 - - B84
Before Casting Stage IIIB Span 4 + B87 +1065 +300 +279 - - 94
After Casting Stage IIIB Span 4 + 943 +1028 +263 +230 - - 95
After P.T. Stage IIIB Span 4 + 924 +1198 4433 +423 +170 +193 100
After Casting Stage IIIA Span 5 | +1069 +1146 +381 +346 +119 +117 125
After Casting Stage IIIB Span 5 +1028 41160 +396 +368 +133 +139 127
After P.T. Stage III% Span 5*( +1028 +11A0 +396 +368 +133 +139 1:0
(+) Compression

(=) Tension :

{*) Secondary effects of Post-Tensioning Stage IIIB, Span 5 are neglected.

—Ch~ E-28



TABLE C2 - STRESS HISTORY FCOR SECTION B

Location
Reading No. a b c d e £ Time
(psi) (days)
After Releasing Truss Span 4 +383 + 840 - - - - 3
After Launching Truss Span 4 +506 + 671 - - - - 8
After Casting Stage II Span 4 +436 + 787 - - - 16
After Casting Stage I Span 5 +733 41076 +288 +286 - - 24
After Releasing Truss Span 5 +535 41172 4384 +420 - - 29
After Launching Truss Span 5 +541 +1167 +379 +412 - - 34
(250k)
Afte; Casting Stage II Span 5 +715 41086 +298 +300 - - 37
Before Casting Stage IIIA | Span 3 4670 41104 +317 4326 - - 50
After Casting Stage IIIA Span 3 +611 +1124 4336 +355 - - 51
Before Casting Stage T1iB | Span 3 +602 +1127 +340 +360 - - 64
After Casting Stage IIIB Span 3 +612 41122 +334 +352 - - 65
Before Casting Stage IIIA | Span 4 +620 +1122 +335 +352 - - 83
After Casting Stage IIIA Span 4 +610 +1138 4351 +372 - - g4
Before éasting Stage IIIB | Span 4 +612 +1133 +35) +372 - - 94
After Casting Stage IIIB Span 4 +493 +1191 +403 +445 - - 95
After P.T. Stage IIIB Span 4 +519 #1217 +429 +471 426  +26 100
After Casting Stage ITIA | Span 5 | +771 41154 4357 +370 =36 -74 | 125
After Casting Stage IIIB Span 35 +728 +1165 +378 +387 -25 =57 127
After P,.T. Staye IIIR Span 5* +728 +1165 +378 4387 -25 -57 140
(+) Compression
{-) Tenzion
{*) Sccondary Cffects of Post-Tensioning Stace IIIB, Span S5 are neglected.
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TABLE C3 - STRESS HISTORY FOR SECTION C

: Location
Reading No. a b c d e f Time
(psi) (days)
After Releasing Truss Span 4 +1783 + 616 - - - - 3
After Launching Truss Span 4  +1800 + 582 - - - - 8
(250k)
After Casting Stage II Span 4 41325 41204 - - - - 16
After Casting Stage I Span 5 +1491 +1183 + 21 + 44 - - éé
After Releasing Truss Span 5 41393 +1234 + 30 + 25 - - 29
After Launching Truss Span 5 +1382 +1236 + 32 + 29 - - 34
(250k)}
After Casting Stage II Span 5 41480 +1190 - 14 - 36 - - 37
Before Casting Stage IIJA | Span 3 +1464 41195 - 9 - 27 - - 50
After Casting Stage IIIA Span 3  +1542 +1152 - 52 - 86 - - 51
Before Cas£ing Stage IIIRB Span 3 +1540 +1154 - 51 - B84 - - 64
After Casting Stage IIIB Span 3 +1505 41171 - 33 - 61 - - 65
Before Casting Stage IIIA | Span 4  +1513 +1169 - 36 - 64 - - 83
After Casting Stage IIIA Span 4 + 927 41445 4241 4320 - - 84
Before Casting Stage IIIB Span 4 + 933 +1444 4240 4319 -2 - 2 94
After Casting Stage IIIB Span 4 +1068 +1411 +207 +265 ~34 - 56 a5
After P.T. Stage IIIB Span 4 41068 +1411 4207 +265 -28  -49 1060
After Casting Stage IIIA Span 5 +1199 +1374 +170 4203 -71 -114 125
After Casting Stage IIIB Span 5 +1180 41378 +174 +214 -67 -106 127
After P.T. Stage ITIB Span 5* +1180 +1378 +174 +214 -67 -106 140
{+) Compression ‘
{-) Tension
(*) Secondary Effects of Post-Tensioning Stage II1B, Span 5 are neglected,
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APPENDIX D - INTERNAL TEMPERATURE STRESS AND STRAIN DATA

In this appendix, procedure for calculating internal

temperature stresses is given. Temperature induced stresses

and strains are presented.

As illustrated in Fig. D1, the two equations for compati-

bility

14 are

xl

Ml

where:

of curvatures and deformations as derived in Reference

as follows:

xl

M'

B |
E, 1, —B ___ (D1)
AR pp _¢?

C .
E, I, —S (D2)
AR 7 oo

1}

shear stress at construction joint

moment at construction joint

temperature induced deformation

K8

coefficient of thermal expansion
temperature differential

modulus of elasticity of Stage I concrete
moment of inertia of Stage i concrete

(1 + m')

A
Fs Ip

modulus of elasticity of Stage II concrete

moment of inertia of Stage II concrete

radius of gyration of Stage I concrete

~D) -



Fig. D1 Free Body Diagram of Stage 1
and Stage II Construction
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g = radius of gyration of Stage II concrete

e, and e

A B - distances from construction joint to centroid

of Stage I and Stage II concrete respectively.

The temperature induced deformations were calculated from
the measured temperature differentials. From Equations Dl and
D2, shear and moment at construction joint were calculated.
Next, stresses at top and bottom of each construction stage
were calculated. The resulting stresses for Sections A, B, and
C are listed in Tables D1, D2 and D3 respectively.

Allowing for the time-dependent relaxation properties,
temperature induced strains for Sections A, B, and C were

calculated and are listed in Tables D4, DS and D6 respectively.

-D3-
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TABLE Dl - CALCULATED TEMPERATURE STRESSES FOR SECTION A

Concrete Stress , psi

Time , Location No,
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TARLE D2 - CALCULATED TEMPERATURE STRESSES FOR SECTION B

Concrete Stress , psi

"Time , Location No.
days c d e f
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TABLE D3 -~ CALCULATED TEMPERATURE STRESSES FOR SECTION C
d f
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TABLE D4 - CALCULATED TE!PERATURE STRAINS FOR SECTION A
d

|

I J

West

Strain , millionths

Time, | Location No.
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TABLE D5 - CALCULATED TE&PERATUQE STRAINS FOR SECTION B

Strain , millionths

Time , ‘ Location No.
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TABLE D6 - CALCULATED TEMPERATURE STRAINS FOR SECTION O
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APPENDIX F

CALCULATION OF THE DIFFERENTIAL TEMPERATURE STRESSES

BY PRIESTLEY'S PROCEDURE AND MATTOCK'S (CTL) PROCEDURE

Calculation of Differential Temperature Stresses,

Priestley's Temperature Distribution (Modified) . . . .

CTL Method for Differential Temperature Stresses

Computer Program for Calculation of Stresses
by Priestley's Method

------------



Calculation of dr'ffer'enf:e/ ‘/'empe-f‘d{'ocfe SFresses

p,,'esf/eyg temperoture distribubion (modifred)

40°F | 40°F | ,40"F_‘
C L
M 0 T o |
& |I‘ . Q 1
g/ F© Toe
Mcan ; Mean i
Thick ress Thickness |
zF ® E
|
|
oy oy
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L ™ oor - o
Exfterior
S/ab Web Interior

Slabs

i oo [48-1)°
© typ- 4°F (B

@) Distribution similar +o +hat for Dotforn s/ab
averaged over averace vyveh vyrdth
¢ (BrE) ),
web (20.9%) = Z F
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Priestleys method

W 1t y
Average” femperature  ¢py- /’-“Y)AO’HY/H
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Friestleys Method (cont) I
‘Effective” [inear gradient  ¢-= / byl b0y) y ‘.jy/f
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Priestley’s Method (cont)
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Denny Creek Bridge Stress Investigation 16 dan 83

Section Properties Stage III Est M= 77.31
£lesent Nidth  Height firea y ¥A Ay Ry*2 Ie
in in in2 in ind irnd ind
Top slab (ext) 184,38 10.00 1843.75 25,69 A736B.29 1214952 15345
174,00 11.00 438,00 17,39 11095.63 192947 4080
Top slab (int) 106.00 £0.00  1040.00 25,69 27232.75 699444 8833
104.00 £1.00  388.47 17.39  6759.4t 117945 2486
Top slab (web) 32.00 2800 672,00 20,19 13568.54  273%4¢ 245%
4602,42 23.04 106024.63 2501084 5460
Beb 1.32 .49 264.78 4.8 £283.03 8217 2072
4,68 9.69 22.67 b4h 144847 94 {18
Suma above est NA 4889.87 21,97 107454.13 2508248 5765t
Neb 20.44 1,31 292.10 -1.15 -2089.76 14951 4964
8.9 14.31 §9.42 -4,77 -35.71 1124 542
15.00 .00 B10.00  -41.31 -33460.07 1382193 194830
3.4 WO 14617 -T2 7224 152583 23580
Suas web partial 1297.69  -35.22 -40508.18 1550850 226034
Bottos slab 9.00 9.00 40.50  -85.31 -2645,00 172742 182
4.34 9.0¢ 19.5%  -11.31 -139.2 39449 88
96.00 9.00  B44.00  -72.81 -62906.74 4580159 3832
Suss bottoa slab 928,05 -72.45 -b4945.95 4852320 6102
Suss belox est MA 20,74 -83.35 -107454.1  MAG3170 232158
Susa Section B/C 7111.61 £, 1305E-7 0.00 8911418 299809

ybrgc=  77.308723 289809

0

lo= 9201227

Md for Section A

12,44 9.00 3.9 -62.31 -484.75 217380 252
T4.34 9.00 487.10  -43.8% -43843.19 2797578 4438
Susa addition 43,09 -43.70 -47331.94 3014958 48%0
Susa below est NA 296487 -52.21 -1547BA.1 948128 237048
7854.70 -5,03 -47331,9% 11926376 294699

yhoge= 712827835 24N

-283219

Io= 119350855
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benny Creek Bridge Stress Investigation

16 lan B3

Section Properties Stage [1I wioverlay  Est NA= H.94
Eleaent Width  Height frea y NA Ry Ay*2 Io
in in in2 in ind ind ind
Top slab {ext) 184,38 12.00 2212.%0 24,06 53225.95 1200433 26550
174.00 11.00  639.00 14.76 941492 138935 4080
Top slab (int) 106. 00 1206 1272.00 24,06 30800.41  TIME2 15264
104.00 11.00  38B.47 14,76 3735.53 84639 2486
Top slab (web) 32.00 23.00 736,00 £0.56 13857.90 253449 J2445
5247.17 .47 1263471 249364 80826
¥eb 20.59 T.06 201,79 3.8 TiILYT 2312 83
3.4 7.06 12.02 L70 56.55 268 3
Susa above est WA 460,97 20,77 113403.24 2496404 Bl1696
Web 0.4 16,94 345.87 -8.47 -2930.07 24822 8274
.18 16.94 69.29 -5.65  -391.34 ryibil 1105
15.00 54.00 B10.00  -43.94 -33993.89 1564103 194830
3.4 54,00 146,17 -394 -S107.7T1 178479 23480
Suss wab partial 137134 -32.10 -M4023.01  17&9%1é 229849
Bottoe siab 9.00 9.00 40,50  -a7.9% -2731.4%  1B&TNY 182
.34 7.00 19.55  -73.94 144571 106901 88
96.00 9.00 Ba4.00  -75.44 -55182.81 4917592 5832
Suas bottos siab 924,05  -75.08 -49380.22 5211431 4192
Suss below est NA 2295.39  -49.40 -113403.2 4981047 233991
Susa Section B/C 7756.36 2.T7434E-7 9.00 9477473 317688

ybege=  79,943072 317688

]

Io= 9795161
fdd tor Section A ,
12.44 9.00 55.99  -6A.94 -3636.25  23ai49 252
76.34 9.00 687,10  -bb.44 -45633.26 3033343 638
Susa addition TH3.09 -6, 33 -49289.52 326042 8%
Suse below est WA 3038.48 53,54 -162692.8 10250560 24088l
8499. 45 -5.80 -49289.51 12746%6 322577

ybeges  74.143931 3225771

-283837

Ig= 12783706
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Section Prof:e rHes w/ owver ’aj

l C

T RN

Yo
N

o*
79.94*

+ ¥
Area E’ A Io %o bt
52q472° ol 41" /86,500 2 859* (441" Tgo S/ab

7
2509.2%" 35.05' 2,/4650m% 5195 anes Web ¢
Bot Slab

77%.4" 7994 9795/60%" 30.06" 7994 X

*  for yz br’/'c‘/je
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CTL Medhod -For Same '\-QmP-QPe+uP€
distribuiion

Averaje. siab +empera-}ure
(o

-LS: .£:Ly) b(y) dy /Aslab

H

(150 " oF 4 633620 F+RUNF + S4IFNF
5247.130"

=1 ‘7.?0‘:‘
Averaje web 4‘ botHoem slab +¢mP<wa+uxre

8+
to- f‘é(j) b(j) dj /(chb * A poHom s\ab)

_ 42056 wWer 557‘?""‘ °F ¢ 399" F+ (634 'Z_’”t‘f + 12579 wt op
585.14 1°" + 92905 m*

= 3.0°F

o At=(77F-3.0° = (4.F°F
X At = [4F°F (SxITC"W for )= 23 5x5° Ww
Assume £ = 4800 ksc

See previous sheef For Sechon ,Orcaoer‘ﬁb:
Jb(b..s'cn'pf / I‘E’fer.r o 'fop 3/84

" 2 < 2 web + Lotom s/ab
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CTL Method {conf)

m'e Exlz _ (#800ksc)(2,164,650%0) _ . g3
£, I, (4800 fsi ) 156,500 %)

B (+m' = s4 83

C= e -me=595"-3283(4£4")- —147235"
= L * ' 1 / L

Feoelsnt e me en'y,

W, 2,/6% 6507 o, 1565007
61.95) + Lo +/3. 83| (441" 4 pgmw

1"

6845.8 /N
BEF-C = (14:93)(ca4s 8»°) ~ (-14735") ~ 79510 mw”™

C . 435" _g94”
B /4 33 '

Then /'n/er/ace shear
, B
X=x &t £, T, (5/:'—6
= (73.5%0°%)( 4800ks: )(2, /64, 650w )(77.98'/0 wmr )
~ 14/.9k |

anc! /'nf(/‘/ac'c momenf‘

M« x At E.T, (c 5/:‘)
| e £y
= (73.5x/0 j(4300kr4)(2 /44650"“ }( 795/0 v )

. (141.9%0(9.94°) - [410K"
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CTL /V/e#hoc{ (cont)

Flexural restrarnt sfresses

for simple  beam the end
rotafren for- S pm‘sma;‘v'c besm

M—#
= ZEIf where M¥*- Xe,, 1M
4§ for full [flexurs! resfraint, r =/

/s
+he f/'xec/ end moment genera#eo(

15)/- this rofetron s

_ 2EI
mb= + syrm 8 where ‘égm- y, <3
L.c= rmoment of inerfra 07[ c0n=/.)o..n¥e

Jec !Ll'on

ZEIlcs M’*,{ *Ir
—— . = =t M55
7 7en ¢ I,

w7/ 9, 79< """’7)
F k n f ? ) /
M= + {14/.9 }(6'/.95)”4/0 J(Z, e, 50 Y ( )

ther M +

= +37 738%°

§ the restraint Stresces are

[ (BB ) so06 ) 0122 ks
9,795, (e0'”

LW n )= F0e) s 0029 ksc
C

_ébmb ./ " }( 29 94 ) = 4 0_524/6.&
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CTL Method (cont)

“Er ger stresses”  ( SHresces reg o for
stro/n § curvature copy 29 /4/29/'/{&
3 S/3b- web rnivFxe )

Yofe rhaf Since /98 rs warmer Fhon
fhe web , fhe /'ﬂ/fr/46¢ Shesr dck
/17 fhe Jexuse Fref— prvdcu:e.r comy rersron

/' e J/18b § fersrow su e
3c'r‘der~

<, €a
— =¥
MC:'__ x I xXT7H
Crs p
Ceq
I
_ Iezz l
siab X Xe M
= — + 1] —
'Fc.ﬁ A' I| e‘l
shk X x ’e“.—M
‘)C;b At I‘ €y
web X Xe +M
= $ = + 2T —— &av
‘Fcé A-‘. Ii e
web
; - + _x__ X €22 4 M €2
c A
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CTL Method (cont)

Ez'den.r#reues

slab k A n en
gL o9k [ﬁ4f.9j/44/)-/4/o]&57v=

C 5247.2°9° /56500 W%
s £FO008KS

i

fcdab= I L (/4/.3‘9('/4_40 ~(4/0*" 441" |
b 5247.20" 156500m"

2 -0 0BSfes

[ *‘faf’; . 41.9* 4 (;;;;.5%5/.?5"),;/44&”]
C . -q" z > Y =
t | 2503 .2 , (64, 5; Z Fo.263kex

7[ “a[f. ‘ 147.9%  _ Tcia1.9%(51.95) +/4/o*7 .
. ® J4l2

b 2509.24° 2,164,650 07 -
- 0.08¢ ks
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CTL MG‘%OL/ (Cdn;‘/

79.94"

-Eo<-£$/¢35=
- — 353 psc
(22 psc
—t_ﬂ(éna: -
E pse
" 23%psi| T d
I _
N
T
< N é)g
oVl g =
U') -
! [ Z9psc

TTHIT
I

.

/ .
’ E{g en stress”

"E /3 enstress”

* flexural restracn?

239 psc
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100 ! Stresses due to temperature distributions in the vertical direction
120 ! for Denny Creek Bridge JH Clark 15 dJan 83

180 ! FXRXAREEMKERRAREKEAXARXREXIERLERXXBAAARTARARITRAKAKAARAEKEX

160 ! Define box girder dimensions L[inchesl

180 DIM S5%L[301

200 SHORT W(5,220),T(5,220),FCA(220) ,FCF (220) ,FC1 (5, 220) ,FC2(5,220),Y (220)
220 Xi=94 @ Y1=0 ' Soffit edge

240 X2=76.3445 @ Y¥2=% ' Top of bottom slab at beginning of slab haunch

260 X3=88.7874 @ Y3=18 ! Top of bottom slab at end of slab haunch
280 X4=106 @ Y4=463 ! Bottom of web/top slab fillet inside
300 X3=106 @ ¥3=B7 ‘' Top of webh/top slab fillet inside
320 X6=138 @ Y&6=8B7 ¢ Top of web/top slab fillet outside
1

340 X7=312 @ Y7=98 Bottom of top slab at end of exterior haunch
360 X8=322.375 @ ¥B=98 ! Bottom of top slab at outside edge

380 X9=322.375 @ Y?=110 ! Top of top slab at outside edge

400 X0=0 @ Y(0=98 ! Bottom of top slab at centerline bridge

420 Swo=42/87 ! Slope of exterior web surface H/V

#4400 Sh=12.4429/9 ! Slope of bottom slab haunch H/V

460 Swi=17.2126/45 ! Slope of interior web surface H/V

480 Yt=48 ! Penetration of top slab parabolic distribution

SO0 ! EXEEXXARLEREESANERALANENXINRIAIRAXERRAILNAER

S20 DISP "Select printer” @ INPUT PNTR® IF PNTR<> 701 THEN PNTR=1 @ PRINTER IS F
NTR

540 DISP "Selct plotter™ @ INPUT PLTR® IF PLTR<> 305 THEN PLTR=1

560 DISP "Plot section ? EY] or [N]” @ INPUT Y$@ IF Y$="N" OR Y$="n" THEN GOTO N
PO1

580 PLOTTER IS PLTR @ SETGU @ IF PLTR=1 THEN GCLEAR
&£00 SHOW 350,0,—-.01,110.01

620 MOVE 0,0

640 DRAW X1,Y1

660 DRAW X&6,YA

680 MOVE X6,Y6

700 FOR Y=Y&6 TO Y7 STEP (Y7-Y&) /32
720 DRAW FNWID4(Y)+X6,Y

740 NEXT Y

760 DRAW X7,Y7

780 DRAW X8,Y8

800 DRAW X9?,Y%9

820 DRAW 0,Y9

840 DRAMW X0,YO

8560 FOR Y=Y0O TO Y35 STEP (Y5-Y0) /32
830 DRAW XS-FNWIDS{Y),Y

F00 NEXT Y

920 MOVE X5,YS

240 DRAW X4,Y4

260 DRAW X3,Y3

980 DRAW X2,Y2

1000 DRAW 0O,Y2

1020 DRAW 0,0

1040 ! DUMP GRAPHICS @ PRINT CHR$ (12)
1060 NPOi: ! ¥E2X2 XXX TNLRMELANRRARRAERERNRNENRAREANAREY
1080 DISF "Enter temperatures [Deg F1"

1100 DISP * Top surface " @ INPUT Tts

1120 DISP " Interior of box™ @ INPUT Tint

1140 DISF * Bottom surface” @ INPUT Tbs

1160 DISF " Reterence temperature” @ INPUT Tref.

1180 DISP "Enter stiffness characteristics [ksi~inch-deg F unitsl”
1200 DISP * Modulus of elasticity [ksil " @ INPUT EL

1220 bispP " Coefficient of thermal expansion " 2 INPUT CTE
1240 DISP * Axial restraint stiffness [k/7inl* @ INPUT KA
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1260 DISP *» Flexural do do left [k-in/radl” @ INPUT KFL
1280 DISP * Flexural do do right [k-in/radl® @ INPUT KFR
1300 DISP "Enter distance of section from left end [ft1” @ INPUT XC
1320 DISP "Enter span length [ft1” @ INPUT XSP

1340 ¢ lttttltllltllllttillllttttllttlltt!ttlll!

1360 FOR I=0 TO 220 @ FOR J=0 TO 5 @ T(I, 1)=Tref @ NEXT J @ NEXT I
1380 ! Echo print basic input values

1400 PRINT CHRS$ (27)&"&k95"

1420 PRINT CHR$ (27)&"&140F"

1340 PRINT CHR$ (27)&"&11L"

1440 G0OSUB HDR

1480 PRINT

1500 PRINT " Section is Denny Creek Bridge at midspan with overlay*
1520 PRINT " Temperatures [Deq F1"

1540 PRINT " ~ Top surface : ";Tts

1560 PRINT " Interior : ";Tint

1580 PRINT * Bottom surface : “;Ths

1600 PRINT * Reference : ";Tref

1620 PRINT

1640 PRINT * Young’s modulus: ";EL;* ksi*

1660 PRINT " Exp coeff : "3CTE;" per deq F"
1680 PRINT

1790 PRINT " Axial restraint: ";KA;" kips/inch”
1720 PRINT " Flexural do 1ft: ";KFL;" kip-in/rad"
1740 PRINT * Flexural do rht: "“;KFR;* kip-in/rad”
1740 PRINT

1780 1 tttlttItttltxttttttlttttttltttatttltttttltttlltttllttttttttt
1800 ZX=TIME :

1820 ! Calculate integrals

1840 S1,52,53,54,55=0

1860 NP=220 @ DY=(Y9-Y1) /NP

1880 FOR I=1 TO NP-{

1900 YU =Y1+(Y9-Y1)XI/NP+.58DY @ Y=Y{(I)

1920 DS=0

1240 DS=FNTMP1(Y) xFNWID1(Y) 2DY

19460 Wil, I)=FNWID1(Y) @ T(1,I)=FNTMP1(Y) ! Bottom slab
1980 DS=DS+FNTMP2Z (Y) $FNWIDZ2 (Y) DY

2000 W2, I)=FNWID2(Y) @ T{(2,I)=FNTMP2(Y) ! Exterior webs
2020 DS=DS+FNTMFP3{Y) sFNWID3(Y) ¥DY

2040 W3, I)=FNWID3(Y) @ T(3,I)=FNTMP3(Y) ! Interior webs
2060  DS=DS+FNTMP4(Y) XFNWIDA(Y) DY '

20890 W4, I)=FNWIDA(Y) @ T(4,I)=FNTMP4(Y) ' Exterior top =lab
2100 DS=DS+FNTMPS(Y) SFNWIDS (Y) aDY
2120 WS, I)=FNWIDS(Y) @ T(S5, I)=FNTMPS5(Y) ' Interior top slab

2140 S1=51+DS

2160 S2=82+DSK (Y+.5¥DY)

2180 DA=0

2200 DA=FNWIDI1 (Y) 2DY

2220 DA=DA+FNWID2(Y) ¥DY

2240 DA=DA+FNWID3 (Y) 2DY

2260 DA=DA+FNWID4 (Y) $DY

2280 DA=DA+FNWIDS(Y) *DY

2300 S3=53+DA

2320 S4=54+DAX (Y+.5%DY)

2340 S5=S5+DAX (Y+.53%DY) ~2

2360 ENDLP: NEXT I € Y(O)=Y0 @ Y(NP)=Y9

2380 DS=(FNTMF1 (.258DY) SFNWID1 (. 252DY) +FNTMP2 (. 25%DY) $FNWID2 ¢ . 25%DY) ) 2. SXDY
2400 DA={(FNWID1 {.252DY) +FNWID2 (. 252DY) ) . 5%DY
2420 51=51+DS

2440 S52=52+DSX. 125%DY




2460
2480
2500
2520
2540
2560

S3=53+DA

S4=84+DAX. 125kDY

55=80+DAX (. 1255DY) 2

2=Y9—.253DY

DA=(FNWID2(Z) +FNWID3(2)+FNWID4 (Z) +FNWIDS(Z) ) 2. S2DY

DS= (FNTMP2(Z) SFNWID2(Z) +FNTMP3(Z) SFNWID3 (Z) +FNTMP4 (Z) SFNWID4 (Z) +FNTMPS (Z) §F

NWIDS(Z))2.3%DY

2580
2600
2620
2640
2660
2680
2700
2720
2740
27460
2780
2800
2820
2840
2860
2880
2900
2920
2940
2960
2980
3000
3020
3040
3060
3080
3100
3120
3140
31460
3180
3200
3220
3280
3300
3320
3340
3360
3380
3400
3420
3440
3460
3480
3500
IS20
3540
3540
rirll
3380
3600
slab"®

51=51+DS
S52=52+DS¥ (YP~. 1252DY)
83=83+DA
S4=84+DA%X (YP—. 125%DY)

S5=55+DAX (Y9—. 125%DY) 2
TNA=51/53

YNA=S4/S53
INA=S5-53LYNAXYNA

DT=(52-YNAIXS1) /INA
Si$="Area" 2 52¢%="Moment of inertia" @ S3$="Ybcgc” @ S4¢="Temperature at NA

S3¢="Effective differential” @ Ul$=" in2" @ U2$=" in4" @ UIE=" in"
U4$="Deg F" @ US$="Deg F/in"

IY=TIME

DISP “Time to calculate integrals : "sZIY-ZIX

PRINT USING FO2 ; S1%,S3,Ul$
PRINT USING FOZ ; S52%, INA,U2$
PRINT USING FOZ ; S3%,YNA,U3s
PRINT USING FO2 ; 54%,TNA,U4s
PRINT USING FO2 ; S5¢,DT,US$

FO2: IMAGE S5X,22A,1X,1D.4DE,SA
R L ettt PRt i i T Tttt 1020 23888 Tt It
NUA=KA/ (1+KAXXSP/ {S1XEL) )
NUF=KFL % (1-XC/XSP) +KFREXC/XSP @ NUF=NUF/ ( 1+NUF$XSP/ INALEL )
PRINT USING FO2 ; "Axial restraint®;NUA
PRINT USING FO2 ; "Flexural restraint" ;NUrF
FOR I=0 TO NP
Y(I)=YPLI/NP+.SkDY @ Y=Y(I)
FCA{I)=—(ELSCTEX (TNA-Tref) % {1-NUA) )
FCF({I)=—(ELXCTESDTE (Y-YNA) X (1-NUF) )
FOR J=1 TO 5
FE1(J, 1)=—(ELECTEX(T(J, I)-Tref-(TNA-Tref) -DTE(Y—YNA)))

FC2(J,I)=—(EL#CTE!(T(J,I)"Tref—(TNA—Tref)!(I—NUA}—DTI(Y—YNA)!(I—NUF)))
NEXT J

NEXT 1

KYLBL: ! S¥fdait bk AR Rk A SRS SRR R AL

ON KEY# 1,"PNT TMP" GOTO PNTTMP

ON KEY# 2,"PLT TMP" GOTO PLTTMP

ON KEY# 3,"PNT STR" GOTO PNTSTR

ON KEY# 4,"PLT STR" GOTO PLTSTR

ON KEY# S, "DEVICE " GOTO DVCE

KEY LABEL

WAIT 300 @ GOTO 3440

R Lt 2t Lt PR R e P St PPt TP TRt eRbtctiilI I

PNTTMP: ! Print temperatures in different portions at all heights
GOSUB HDR

PRINT USING F144 ; "Height"; "Temperature deg F"

F144: IMAGE 5X,s6A, 15X, 250

PRINT USING F145 ; * above";"Bnttom";"Exterinr";"[nterinr";"Exteriar";"lnte

F145: IMAGE 9X,6R/,3(1X,8A0)
PRINT USING F145 ;: "soffit";" slab “;" web Haw web ";"top slab”;"top
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3620
3640
3660
3680
3700
3720
3740
3760
3780
3800
3820
3840
3860
3880
3900
3920
3940
3960
3980
4000
4020
4040
4040
4080
4100
4120
4140
4160
4180
4200
4220
4240
4260
/4280
4300
4320
4340
4360
4380
4400
4420
4440
#4450
4480
4500
4520
4540
4560
4580
4600
4620
4640
44660
4680
4700
/4720
4740
4760
4780
4800

PRINT

Fi147: IMAGE 5X,3D.3D,5(3X,M3D.D)
FOR I=0 TO NP
PRINT USING F147 3 Y(I),T{1,1),T¢(2,1),T(3,1),T(4,1),T(5,1)
NEXT I '
GOTO KYLBL

EOEREREEEREREEEX IR RN AAINAKAKEXIEARAEXX AR
DVCE: DISP "Select printer CRT £1]1 or LPT {701] " @ INPUT PNTR
DISF "Select plotter CRT [11 or 7225A [30531 " @ INPUT PLTR
GOTO KYLBL
R $ 23320ttt ettt v ettt istitssistettitsisgtstatssst
PLTTMP: !' Plot temperatures profiles for various parts
IF PLTR=1 THEN GCLEAR
LX1=15 @ LX2=35 @ LY1=25 @ LY2=80
6OS5UB PRFSET
MOVE 0,90
FOR I=0 TD Y3\DY+1
MOVE O,Y(1)
DRAW T(1,I},Y(I;
NEXT I
LX1=37.5 & LX2=57.5
GOSUB PRFSET
MOVE 0,0
FOR I=0 TG NP
MOVE O,Y{(I)
DRAW T(2,1),¥({I)
NEXT 1
LX1=60 @ LX2=80
GOSUB PRFSET
MOVE 0,0
FOR I=0 7O NP
MOVE O,Y(I)
DRAW T(3,I),Y(I)
NEXT I
LX1=82.5 @ LX2=102.5
GOSUB PRFSET
MOVE 0,0
FOR I=(YS-DY)\DY TO NP
MOVE 0O,Y{(I)
DRAW T(4,1),Y(I)
NEXT 1
LX1=105 & LX2=125
GOSUB PRFSET
MOVE 0,0
FOR I=(YS3-DY)\DY TO NP
MOVE O,Y(I)
DRAW T{(5,1)},Y(I)
NEXT I
SETGU @ DEG @ LDIR O ® CSIZE 4.5 @ MOVE 70,95 € LORG 4
LABEL "Denny Creek Bridge Stress Investigation®
CSIZE 3.5 @ MOVE 70,86 P LABEL "Temperature Profiles (deg F)"
MOVE 25,8 @ CSIZE 3 @ LABEL "Bottom" @ MOVE 25,4 ® LABEL " Slab"
MOVE 47.5,8 @ LABEL "Exterior” € MOVE 47.5,4 @ LABEL ” Web "
MOVE 70,8 ® LABEL “"Interior" @ MOVE 70,4 @ LABEL " Web"
MOVE 92.5,8 € LABEL "Exterior” @ MOVE 92.5,4 @ LABEL *Top Slab”
MOVE 115,8 @ LABEL "Interior® @ MOVE 115,4 € LABEL "Top Slab"
LDIR 90 @ MOVE 4,55 @ LABEL “Height above Soffit (inch)}”
GOTO KYLBL
R 2353330223533 88¢33¢333233¢833¢t20s38s3 ettty
PRFSET: LOCATE LX1,LX2,LY1,LY2 @ CSIZE 3 @ FXD 0,0
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4820 SCALE Q, Tts,0,Y2 :
4840 IF LX1=15 THEN LAXES 10,10,0,0,5,5,3 ELSE LAXES 10,0,0,0,5,0,3

4880 ! tttt!ttttt!tt!t!tt!ttttttttltt!tttl!ltttttttt*tttltttttttttt
4900 PNTSTR: ! Print stresses at all levels for each part

4920 DIsP “Select eigenstresses [03 or resultant stresses 1313 » & INPUT FLG1
4940 GOSUB HDR

4960 IF FLB1=0 THEN I%="Eigen" ELSE Z$="Resul tant"

4980 PRINT TAB (6); "Height  "g7¢g" Stresses (psi tens+) "

S000 PRINT USING F177 ; » above“;"Bnttom";"Exterior”;"lnterior";"Exterinr";"Inte
rir";"Axial":"Flexural"

5020 F177: IMAGE Sx,bﬁ,S(IX,BA),SX,Z(IX,BQ)

5040 PRINT USING F177 ; "maffit”;" wlahb "3"  web " web “;"top slab”; "top
slab";"Restrnt";"Stress"

S060 PRINT

3080 F179: IMAGE 5X,3D.2D,5(3X,SD.SD),5X,2(3X,SD.SD)

3100 IF FLG1=1 THEN GOTO 5200

9120 FOR I=0 TO NP

2140 PRINT USING F179 H Y(I),FCI(I,I),FCI(2,1),FC1(3,I),FCI(4,I),FCI(S,I),FCA(
I),FCF(1)

3160 NEXT 1

3180 GOTO KYLBL

3200 FOR I=0 TDO NP

5220 PRINT USING Fi79 H Y(I);FCZ(I,I);FC2(2,I);FCZ(S,I);FCZ(4,I);FC2(5,I)
S240 NEXT 1

9260 tttttttttttttttttltttttlttlttttttttttlttttlttl

5280 HDR: ! Page heading subroutine

3300 PRINT » = 1 Page eject

3320 PRINT @ PRINT @ PRINT

5340 PRINT USING "OX,K" 3 "Denny Creek Bridge Stress Investigation

63-1080"

3360 PRINT USING "Sx,K"

3380 PRINT USING "X, K"
15 Jan 83"

3400 PRINT

3420 RETURN

3440 1 tttttltttttttttxtttttttttttttttttlttltttttttttt
34460 ! Define width as function of height above soffit

"Stresses due to given temperature distribution *
"Homogeneaous elastic section JHC

LR T

2480 DEF FNWID1(y) = X2% (y<y2) 1 Width of bottom slab between haunch and CL
9500 DEF FNWID2(y) 1 Width of exterior web

93520 Xn=X1+Suoty

95490 IF y>Y6 THEN Xo=X&

9560 Xi=X2+Sht(y—Y2)t(y>Y2)

5980 IF y>Y3 THEN Xi=x3+5wit(y-Y3)

34600 IF y>Y4 THEN Xi=xa

5620 FNWID2=Xo—Xi

3640 ! ttttttt!tlltlt*it!ttltttttltttltttllltt!ttttttt
3660 FN END

5680 DEF FNRID3(y) = o 1 Width of interior webs
=700 DEF FNWID4 (y) Width of exterior top slab
35720 IF y>Y7 THEN Xo=X8 '
2740 IF y>Y7 THEN GOTO 5780

S760 XD=X6+(X7—X6)3(1—((Y7—y)/(Y7~Y6))“.5)

S780 Xi=X&

2800 FNNID4=(XD—Xi)t(y>Y6)

3820 FN END

5840 1 tttllttttttttttttttttttltltttttttitllttttttttttttttlttl
58606 DEF FNWIDS(y) ¢ Width of interior top slab

5880 Xo=X5
3700 IF y>YO THEN Xi=X0
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9720
5940
5960
5980
6000
6020
6040
6060
6080
6100
6120
6140
&160
6180
6200
&220
&240
6260
6280
&300
6320
6340
&360
6380
6400
6420
4440
6460
&480
6500
6020
6540
6360
&580
6600
&620
5640
6660
&680
6700
6720
&740
&760
4780
aBoo
&820
&840
6850
4880
6200
&720
6940
6960
46980
7000
7020
7040
7060
7080
7100

IF y>Y0O THEN GOTO 5960
Hiz={(X5-XOY X {{YO—y) / {YO-YS5))~.5
FNWIDS=(Xo—Xi)Xx{y>Y3)
FN END
LR S S PPt ettt ittt ettt Rt it i iisstesesisse;
! Define temperatures as function of height above soffit
! Priestly’s slab distribution
DEF FNTMPi(y) = Tref+(Tbs-Tref)i{l-y/Y2)%{y<¥Y2) ! Bottom slab
I St Pttt Rt sttt i ettt stistsssetissesss

DEF FNTMP2(y) ! Exterior web
TY1=Tref+{(Ths-Tref) ¥ (1—y/Y2) X {y<{Y2)
TYZ2Z=Tref+(Tbhs—Tref) X {.3XY2/FNWNIDZ(y))

IF Tbs>Tref THEN TY2=MAX (TY2,TY1l) ELSE TY2=MIN (TY2,TY1)
IF y<¥t THEN TY3=TY2 @ 60TO 6240

TY3=Tref+{(Tts-Tref)# {({y-Yt)/(¥Y9-¥Yt}) "5

IF Tts>Tref THEN TY3=MAX (TY3,TY2) ELSE TY3=MIN (TY3,TY2)
FNTMP2=TY3

FN END
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DEF FNTMP3{y)} ! Interior web
TY1=Treft+{Tbs—Tref) X{i—-y/Y2) X (y{Y¥Y2)

TYZ2=Tint

IF Tbs>Tref THEN TY2=MAX (TY2,TY1) ELSE TY2=MIN {(TYZ2,TY1)
IF y<¥t THEN TY3=TY2 @ GOTO 6440
TY3=Tref+(Tts—Tref) R {(y—-Yt)/(Y?-Yt) )5

IF Tts>Tref THEN TY3=MAX (TY3,TY2) ELSE TY3=MIN (TY3,TYZ2)
FNTMP3=TY3

FN END
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DEF FNTMPA (y) ! Exterior top slab
B=.58(Y?-Y8) $ (XP—X&E) "2+ {Y7-YEL) K {X7-X6)"2/12 '

G4=07 ((YZ-YR) R {XFXB)H{Y7-YE)2{(X7—X6)/3) ! D4 is slab depth at centroid
DA=YP-YB+ (YB-YE) X ({X7-X6—B4) 7/ (X7-X&)) 2
TY1=Tref+{Tbhs—Tref)¥{1—(y-Y7+D4) /D4) ! for parabolic haunch
TYZ2=Tref+(Tts-Tref) 2 {{y-Yt)/(YF-YL} )T

IF Tts>Tref THEN TY2=MAX (TY1,TY2) ELSE TYZ=MIN (TY1,TYZ2)

FNTMPA=TY2

FN END
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DEF FNTMPS(y)} ! Interior top slab
D=.58(Y?-YO) AXT2+{YO-YI) R (XD—-X0)"2/12
Q5=R/ {((YF-YDP) IXSH(YO-YT) L (XS-XO) /r3) ! @ is slab depth at centroid
DI=Y9-YO+ (YO-Y3)} X ( {X5-X0-B5) 7/ (X5-X0)) "2
TYLI=Tint+{(Tts—Tint) ¥ {y—-¥Y9+D3) /DS¥ (y—-¥F+D5>0) ! for parabolic haunch
TY2=Tref+{(Tts—Tref) ¥ {{y-Yt) /(Y9-Yt)} )5
IF Tts>Tref THEN TY2=MAX (TY1i,TYZ2) ELSE TY2=MIN {(TY1,TY2)
FNTMPS=TY2

FN END
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PLTSTR: ! Plot stresses
DISP "Select eigenstresses [0] or resultant stresses £11 " @ INPUT FLGI
IF PLTR=1 THEN GCLEAR
LX1=15 @ LX2=35 @ LY1=235 @ LYZ2=80
60SUB FPRFSETZ2
MOVE 0,0
FOR I=0 TO ¥Y3\DY+]}
MQVE ©O,Y(I)
IF FLG1=0 THEN DRAW FC1(1,I),Y(I) ELSE DRAW FC2{(1,I),Y(I1)
NEXT I
LXi=37.5 @ LX2=57.5
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7120 GOSUB PRFSET2
.40 MOVE 0,0
7160 FOR I=0 TO NP
71890 MOVE O,Y(I)
7200 IF FLG1=0 THEN DRAW FC1(2,I),Y(1) ELSE DRAW FC2{Z,I),Y{I)
7220 NEXT I
7240 LX1=60 @ LX2=80
7260 GOSUB PRFSET?2
7280 MOVE 0,0
7300 FOR I=0 TO NP
7320 MOVE 0,Y¥Y(I)
7340 IF FLG1=0 THEN DRAW FC1(3,I),Y(I) ELSE DRAW FC2{3,1),Y<I)
7360 NEXT 1
7380 1.X1=8B2.5 @ LX2=102.5
7400 GOSUB PRFSETZ
7420 MOVE 0,0
7440 FOR I=(YS5-DY)\DY TO NP
7460  MOVE 0,Y(I)
7480 IF FLG1=0 THEN DRAW FC1(4,1),Y(I) ELSE DRAW FC2(4,1),Y<(I)
7300 NEXT I
7520 LX1=105 @ LX2=125
73540 GOSUB PRFSET2
7560 MOVE 0,0
7380 FOR I=(YS5—DY)\DY TO NP
7600 MOVE O,Y(I)
74620 IF FI.G1=0 THEN DRAW FC1(5,1),Y(I) ELSE DRAW FC2(S,1),Y(I)
7640 NEXT I
7660 SETGU @ DEG @ LDIR O @ CSIZE 4.5 @ MOVE 70,95 @ LORG 4
7680 ! LABEL "Denny Creek Bridge Stress Investigation”
7700 IF FLG1=0 THEN Z$="Eigen" ELSE Z$="Resultant"
7720 CSIZE 3.5 @ MOVE 70,86 @ LABEL Z3$%" Stress Profiles (psi tens+)"
7740 MOVE 25,8 @ CSIZE 3 @ LABEL "“Bottom" @ MOVE 25,4 @ LABEL * Slab"
7760 MOVE 47.5,8 @ LABEL "Exterior" @ MOVE 47.5,4 @ LABELL " Web"
7780 MOVE 70,8 @ LABEL "Interior”™ & MOVE 70,4 @ LABEL. " Web"
7800 MOVE 92.5,8 @ LABEL "Exterior" @ MOVE ?2.5,4 @ LABEL "Top Slab"
7820 MOVE 115,8 @ LLABEL "Interior”™ € MOVE 115,4 @ LABEL "Top Siab"
7840 LDIR 90 @ MOVE 4,55 @ LABEL "Height above Soffit {(inch)"
7860 GOTO KYLBL
7880 PRFSET2: LOCATE LX1,LX2,LYi,LYZ @ FXD 3,0
7900 SCALE -1,.5,0,Y9 @ CSIZE 3
7920 IF LX1=15 THEN LAXES .1,10,-1,0,5,5,3 ELSE LAXES .1,0,-1,0,5,0,3
7940 AXES «1,10,.5,Y9,5,5,3 @ RETURN
7960 END
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