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PREFACE

The investigation described in this report was conducted for the US Army
Engineer District, Pittsburgh. Authorization was given by DA Form 2544,
CEORP-ED-88-35, dated 17 Dec 1987.

The mixture proportioning, specimen preparation, and testing were per-
formed at the US Army Engineer Waterways Experiment Station (WES) by personnel
of the Structures Laboratory, under the general supervision of Messrs. Bryant
Mather, Chief, J. T. Ballard, Assistant Chief, and K. L. Saucier, Chief, Con-
crete Technology Division (CTD). Direct supervision and technical guidance
was provided by Mr. C. Dean Norman, Chief, Evaluation and Monitoring Unit,
CITD. This report was prepared by Mr. Michael I. Hammons, Ms. Sharon B.
Garner, and Mr. Donald M. Smith of the Evaluation and Monitoring Unit, CTD.
The authors acknowledge Messrs. Dan Wilson, Andy Shirley, and Brent Lamb and
Ms. Linda Mayfield of the Evaluation and Monitoring Unit, CTD, for their help
during this investigation. This report was prepared for publication by
Mmes. Gilda Miller and Chris Habeeb, Editor and Editorial Assistant, respec-
tively, Information Products Division, Information Technology Laboratory, WES,

Acting Commander and Director of WES during preparation of this report
was LTC Jack R. Stephens, EN. Technical Director was Dr. Robert W. Whalin.
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CONVERSION FACTORS, NON-SI TO SI (METRIC) UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI

(metric) units as follows:

_ Multiply By To Obtain
cubic yards 0.02831685 cubic metres
Fahrenheit degrees 5/9 Celsius degrees or kelvins*
feet 0.3048 metres
inches 25.4 millimetres
miles (US statute) 1.609347 metres
ounces (US fluid) 0.02957353 litres
pounds (force) per 0.006894757 megapascals
square inch
pounds (mass) 0.4535924 kilograms
pounds (mass) per cubic 16.01846 kilograms per cubic metre

foot

* To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use the following formulz: C = (5/9)(F - 32). To obtain kelvin (K, read-
ings, use: K = (5/9)(F - 32) + 273.15.



THERMAL STRESS ANALYSIS OF LOCK WALL
DASHIELDS LOCKS, OHIO RIVER

PART I: INTRODUCTION

Background

1. The Dashields Locks and Dam were constructed in 1927-1928 on the
Ohio River 13.3 miles* downstream of the confluence of the Allegheny and
Monongahela Rivers at Pittsburgh, PA. The locks consist of two chambers: a
landward chamber with dimensions 110 by 600 ft and a riverward chamber 56 by
360 ft. The 1lift of the lock is 10 ft. The main lock walls are concrete
gravity structures founded on rock. The guide and guard walls are concrete
gravity parapet walls spanning individual piers founded on rock.

2. A condition survey of the Dashields Locks conducted by the US Army
Engineer Waterways Experiment Station (WES) revealed the presence of signifi-
cant damage to the concrete on both horizontal and vertical lock wall surfaces
(Wong and Stowe 1985). The depth of the damaged concrete ranged from a
minimum of 0.1 ft to a maximum of 2 ft. This damage was primarily attributed
to freezing and thawing action.

3. The US Army Engineer District, Pittsburgh (ORP), has rehabilitated a
number of similarly damaged locks on the upper Ohio River and its tributaries.
The basic lock wall repair procedure has been to remove the damaged concrete
to its full depth and then overlay the sound concrete with a layer of high-
quality, air-entrained concrete. This repair method has resulted in signifi-
cant cracking in the overlay concrete in ORP as well as in a number of other
Corps districts using similar repair procedures (McDonald 1987). Cracking of
this type can result in decreased durability and increased maintenance costs
for the repaired lock walls.

4. ORP began a similar lock wall repair to the Dashields Locks in 1988.
In December 1987, the district requested the Concrete Technology Division,
Structures Laboratory, WES, to use a recently developed thermal stress analy-

sis procedure to study the effects of a variety of parameters on cracking in

* A table of factors for converting non-SI units of measurement to SI
(metric) units i1s presented on page 3.



concrete overlays for the Dashields Locks. This report presents the results
of material properties tests conducted in support of the analyses, the results

of the analyses, and conclusions and recommendations from the analyses.

Objective

5. The objective of this research was to develop improved design and
construction procedures for concrete overlay sections at Dashields Locks so

that cracking can be substantially reduced or inhibited.

ScoEe

6. A recently developed thermal stress analysis procedure was used to
study the effects of a variety of parameters on cracking in concrete overlays.
These parameters include mechanical and thermal properties, shrinkage, rein-
forcing steel, restraint at the old concrete/new concrete interface, placement
temperature, and ambient temperature. Previous construction techniques as
well as plans for construction procedures for Dashields Locks were reviewed.
Critical material properties tests were conducted in support of the calibra-
tion of an aging material model for concrete used in the analyses. Thermal
stress analyses for typical overlay sections were conducted to examine the
effects of various parameters on the potential for cracking of the overlay
concrete. The results of the analyses were evaluated to select optimum con-

struction procedures.



PART II: ANALYSIS PROCEDURE

Finite Element Code

7. A general-purpose finite element code (ABAQUS) with a user-defined,
aging material model (UMAT) was used for the heat transfer and structural
analysis of the lock wall resurfacing problem. This analysis procedure was
developed at WES and was reported in some detail by Norman, Campbell, and
Garner (1988). Some of the features of the code and material model are dis-
cussed in the following paragraphs.

8. Transient heat transfer analyses can be conducted using ABAQUS with
heat transfer elements from the ABAQUS library of elements. The adiabatic
temperature rise of the concrete is used as the forcing function for the
analysis. Boundary conditions for the heat transfer analysis can be easily
varied. Forms or other insulating materials can be simulated with film
coefficients applied to the exterior faces of the element. Ambient tempera-
ture conditions as well as placement temperatures of the new concrete and
equilibrium temperature of the old concrete can be modeled. The results of
the heat transfer analysis are temperature-time histories at each node or
integration point of the model.

9. The temperature-time history obtained in the heat transfer analysis
is used as the loading for a structural analysis. This analysis can be con-
ducted using plane stress or plane strain elements from the ABAQUS element
library. Significant changes in strength, modulus, creep, shrinkage, etc.
must be accounted for in a consistent and numerically efficient manner in the
finite element solution procedure. This is accomplished using a user-defined,
two-dimensional aging material model with cracking capabilities in the
ABAQUS~UMAT subroutine format. This model includes the effects of aging on
the elastic modulus and cracking strength and the effects of changing tempera-
tures on the creep compliance, the elastic modulus, and the ultimate/cracking
strength. These properties as a function of time and temperature are included
in a separate subroutine which can be easily modified by the user for a spe-
cific material. The model assumes cracking to occur when an interactive
cracking criterion is satisfied.

10. The material model incorporated in ABAQUS uses a smeared crack

approach to model the cracked regions of the structure. This approach is



based upon the assumptions that cracks form in an element when the interactive
cracking criteria are exceeded. The cracks are straight and perpendicular to
the direction of maximum principal stress or strain. The cracked region is
modeled as an anisotropic continuum effectively "smearing" the cracks in a
continuous manner throughout the element (Norman and Anderson 1985). These
assumptions allow the stress in the tensile direction to drop suddenly while
retaining shear stress transfer across rough cracks or aggregate interlock.
Thus, the overall structural response can be modeled quite adequately without
regard to completely realistic crack patterns and local stresses (Chen 1982).
l11. The finite element model allows the user to study the effects of
construction parameters readily. Reinforcement and dowel bars can be added to
an element. The effects of bond-breaking materials to reduce the restraint at
the old concrete/new concrete interface can be simulated with interface ele-
ments from the ABAQUS element library. Incremental construction procedures
can be simulated effectively through the "model change" option. This option
allows the user to remove or include previously defined elements from the

analysis in a specified solution step.

Concrete Mixture

12. The mixture proportions for the overlay concrete were furnished to
WES by ORP with quantities of materials sufficient to cast specimens for a
limited series of material properties tests. WES was instructed by ORP not to
modify the mixture proportions or change materials used in the mixture.

13. The mixture had a nominal unconfined compressive strength of
4,000 psi at 28 days. The water-cement ratio was 0.45. Batch weights for

1 yd3 of concrete were as follows:

Material Weight
Cement 600 1b
Fine aggregate 15330 1b
Coarse aggregate 1,725 1b
Water 270 1b
Water-reducing admixture 18 oz
Air-entraining admixture Adjustable

All aggregate weights are saturated-surface-dry weights.



14. The cement was Type II, Low Alkali, produced by SME/Bessemer, Inc.
of Bessemer, PA. A cement mill test report, as furnished to WES by ORP, is
shown in Figure 1. The fine aggregate was classified by the Pennsylvania
Department of Transportation as a Type A (American Society for Testing and
Materials (ASTM) C 33 (ASTM 1988a)) concrete sand supplied by Dravo Corpora-
tion of Pittsburgh, PA, from their Pike Island Dredge on the Ohio River. The
coarse aggregate was 0.75-in. maximum size limestone supplied by SME Carbon
Stone of Hillsville, PA. The water-reducing admixture and air-entraining

admixture were WRDA (with Hycol) and Daravair, respectively, both manufactured

by W. R. Grace of Boston, MA.

15, A 7.5—ft3 batch was prepared in the laboratory at WES and specimens

were made from it according to ASTM C 192 (ASTM 1988f) from the materials sup-

plied by ORP. Tests were conducted on the fresh concrete to determine such

parameters as slump, unit weight, air content, and time of final set-

ting (TOFS). The ASTM methods used for conducting these tests and the test

results are presented below:

Test Me thod Result
Slump ASTM C 143 (ASTM 1988d) 1275 in.
Unit weight ASTM C 138 (ASTM 1988c) 146 .4 lb/ft3
Air content ASTM C 231 (ASTM 1988g) 5%
Time of final setting ASTM C 403 (ASTM 1988h) J.5 HY

Material Properties Tests

16, A series of early-time material properties tests were conducted on
hardened concrete specimens at six ages of loading to provide data necessary
for the calibration of the aging material model used in ABAQUS. The series of

tests conducted are presented in the test matrix shown in the following

tabulation:
Age at Loading* Type of Test Specimens
/ hr Unconfined compression 2
(TOFS + 1.5 hr) Creep of concrete 2

* Batching of the concrete mixture is zero time event for deter-
mining age of loading.



Age at Loading Type of Test Specimens

15 hr Unconfined compression
(TOFS + 9.5 hr) Creep of concrete
24 hr Unconfined compression

Creep of concrete

48 hr Unconfined compression
Creep of concrete

72 hr Unconfined compression
Creep of concrete

8 days Unconfined compression
Creep of concrete

NN NN NN NN NN

17. Unconfined compression tests were conducted in accordance with ASTM

C 39 (ASTM 1988b) at the ages shown in paragraph 16 to provide data on
strength as a function of time. The properties of specific creep, shrinkage,
and elastic modulus (as functions of time) were calculated from the compres-
sive creep tests on the overlay concrete mixture. The creep tests were con-
ducted according to ASTM C 512 (ASTM 1988i) modified to include early ages of
loading, modulus calculation, and continuous data acquisition by computer.
The elastic modulus of the concrete was calculated from the initial loading
phase of the creep tests. The shrinkage data were obtained from the sealed
creep test control specimens.

18. The results of these tests are shown in Figures 2 through 4. Fig-
ures 2 and 3 show the strength and modulus gain, respectively, of the mixture
for the first 8 days after casting. Using the modulus of elasticity, specific
creep strains were calculated from the raw creep test data. The specific

creep strains at each age of loading are shown in Figure 4.

Aging Material Model Calibration and Verification

19, The UMAT in ABAQUS was calibrated for the Dashields concrete mix-
ture. The information needed for calibration included the adiabatic tempera-
ture rise, creep compliance, shrinkage, and modulus of elasticity as a
function of time. These are discussed in the following paragraphs.

20. An adiabatic temperature rise curve for the overlay mixture was
estimated from adiabatic temperature rise data obtained on a laboratory mix-
ture containing a chemically comparable cement. The laboratory mixture, how-

ever, had a cement content of 282 lb/yd3, while the Dashields overlay concrete



mixture had a cement content of 600 lb/yd3. Thus, the test temperatures were
multiplied by a factor of 600/282 to adjust for the variation in cement
content. The resulting adiabatic temperature rise curve is shown in Figure 5.

21. A creep compliance curve was calculated from creep test data per-
formed at WES on the Dashields concrete mixture. The relationship between
creep compliance, C(t), total compliance, J(t), and elastic specific strain,
1/E(t) is shown in Figure 6. These data were fit with an exponential curve
for input into the aging material model.

22, The sealed volume change for the mixture was estimated from tests
of similar concretes conducted by the University of Michigan under contract to
WES (Tjiptobroto and Hansen 1988).

23. The elastic modulus as a function of time for the Dashields overlay
mixture was determined from mechanical properties tests conducted at WES.
These data were fit with an exponential curve for input into the aging mate-
rial model.

24, The material model was verified with respect to total strain
observed in a creep test by comparing the observed elastic and creep strains
with an axial pressure of 1,250 psi at an age of 3 days. The calculated
strains were obtained by conducting a finite element analysis on a single
element subjected to the same loading and environmental conditions as the
3-day creep test specimen. The results of the comparison are shown in Fig-

ure /. Clearly the material model accurately models the observed elastic and

creep strains.

10



PART III: THERMAL STRESS ANALYSES

Factors Affecting Cracking of Overlay Sections

25. Previous research at WES has shown that a number of factors can
affect the cracking of overlay sections of lock walls (Norman, Campbell, and

Garner 1988). These factors include the following:

a. Amount of volume change (both sealed volume change and drying
shrinkage).

. Temperature gradient through the concrete.

|o*

. Thickness of the overlay section.

F=" Ie

. Bond between the overlay section and the existing concrete.

. Ambient temperature.

I o

. Extent of insulation during cold weather.
Finite element calculations were made varying some of these parameters to
determine the critical combination for cracking and methods for reducing that

cracking.

Finite Element Discretization

26. The finite element calculations for both horizontal and vertical
overlays were conducted using the grid shown in Figure 8. The grid consists
of a 12- by 5-ft section of existing concrete with a 12-in.-thick overlay of
new concrete placed directly on the old concrete. The 5-ft depth was chosen
based on thermal calculations showing 5 ft as the depth below which the tem-
perature of the existing concrete is no longer affected by the heat generated
during hydration of the cement in the overlay section. The boundary condi-
tions for thermal calculations for a 12-in.-thick overlay are shown in Fig-
ures 9 and 10 for horizontal and vertical overlays, respectively. The major
difference in the calculations for horizontal and vertical overlays was the
placing of the forms in the finite element thermal calculations.

27. The boundary conditions assumed for stress calculations are shown

in Figure 11. Identical boundary conditions were assumed for both horizontal

and vertical overlays.

11



Finite Element Analyaes

Horizontal overlay
28. In the analysis of the horizontal overlay, a plane strain element

was used. For this type of analysis, cracking occurs in the out-of-plane

direction. A thermal analysis (Run 8) was conducted of a 12-in.-thick overlay
with boundary conditions as follows: 0.75-in.-thick forms removed at 1 day,
75° F ambient temperature, and 75° F placement temperature of overlay

concrete.
29. Key node point locations in the overlay were selected for plots of

temperature-time histories. These locations are shown in Figure 12. Fig-
ures 13, 14, and 15 show the temperature-time histories at the selected nodes
for Run 8.

30. Using the temperatures from the thermal analysis, stress analyses
were conducted to determine the effects of thermal stresses of both sealed
volume change and drying shrinkage. The amount of volume change is input into
the code by varying the shrinkage factor, defined as the ratio of total volume

change (sealed volume change plus drying shrinkage) to sealed volume change

alone. Two stress analyses were conducted: Run 10 (shrinkage factor = 1) and

Run 11 (shrinkage factor = 2).

I

31. For plotting the output of stress analyses, certain critical Gauss
(integration) points were selected in key elements of the overlay. These
points are located as shown in Figure 16. For the above stress analyses,
out-of-plane stress-time histories are plotted in Figures 17 and 18. It
should be noted that the algebraic sign of compressive stresses and strains is
positive in this report.

32. In the stress—time history plots, cracking is characterized by an
instantaneous drop in tensile stresses. The analysis shows that cracking will
occur first at the center line in approximately 10 days and spread to the end
of the overlay by the twelfth day. Because the cracking does not occur during
the first few days after placement (when the maximum thermal gradient exists
(Figures 13 and 14)), it can be concluded that temperature differential alone
should not cause cracking during the initial construction period. Also, a
shrinkage factor of 1 (no drying shrinkage) indicates that cracking will occur
due to sealed volume change alone. However, some drying shrinkage will occur;

thus a shrinkage factor of 1 is not realistic.

12



33. In Run 11 a shrinkage factor of 2 was used to investigate the
influence of drying shrinkage. Cracking in Run 11 started at the outer corner
(elements 143 and 144) at 4.5 days after time of final set and spread quickly
throughout the overlay (Figures 19 and 20). Thus, it appears that any drying
shrinkage which may occur will only hasten the onset of cracking. Field
observations have indicated that cracking typically begins about 2 to 3 days
after casting. These analyses are indicating the onset of cracking at a later

time (4.5 to 10 days after final set) indicating that shrinkage under field

conditions is likely much greater than assumed in the analyses.

34. The analyses indicate that the onset of cracking occurs in the
upper element (element 133) at the center line of the overlay. We do not
believe this to be an accurate representation of the cracking phenomenon in
overlay slabs with continuous base restraint. Cracking should originate at
the point of maximum restraint, i.e., near the center line of the overlay at
the old concrete/overlay interface. The analyses are predicting the initia-
tion of cracking in the upper element for one or both of the following rea-
sons: (a) the finite element mesh may be too coarse, or (b) the imposed
boundary conditions at the center line have given rise to spurious results in
the immediate vicinity of the boundary. However, these items do not invali-
date the analysis of the overall cracking phenomenon in the overlays.

Vertical overlay

35. To better model the out-of-plane cracking in the vertical overlay,
a plane stress analysis of a section through the length of the structure was
used. The overlay thickness for the vertical overlays was limited to

12 in,

36. The following thermal calculations were made for vertical overlays:

Run No. Description Figures

18 Heat transfer analysis of vertical overlay 21, 22, 23
with 1.5-in. forms removed at 1 day, 75° F
ambient and placement temperatures of overlay

concrete

18L Heat transfer analysis with 1.5-in. forms 24, 255 .26
removed at 3 days and 75° F ambient and
placement temperatures of overlay concrete

13



Run No. Description Figures

18H Heat transfer analysis with 1.5-in. forms 27, 28
removed at 1 day, 90° F ambient and 85° F
placement temperatures of overlay concrete

18Ha Heat transfer analysis with 1.5-in. forms 29, 30, 31
removed at 1 day, 90° F ambient and 75° F
placement temperatures of overlay concrete

18C Heat transfer analysis with 1.5-in. forms 32y 33
removed at 1 day, 40° F ambient and 50° F
placement temperatures and insulation with
a thermal resistance (R-value) of 4

37. Runs 18 and 18L are characteristic of moderate weather conditions,
while Runs 18H and 18Ha are representative of extreme summer conditiomns.
Run 18C is typical of winter conditions with the addition of insulation.

38. The following stress analyses were loaded by temperatures from

Run 18:

Run No. Description Figures
208 Shrinkage factor = 1, no reinforcing bars 345 35
218 Shrinkage factor = 2, no reinforcing bars 364 37
22R Shrinkage factor = 2, No. 5 reinforcing bars 38, 39

at 12-in. spacing (on center) located 4 in.
from overlay/old concrete interface

23R Shrinkage factor = 2, No. 5 reinforcing bars 40, 41
at 12-in. spacing (on center) located 4 in.
from top face of overlay

248 Shrinkage factor = 2, bond breaker (1007) 42, 43
26S Shrinkage factor = 2, partial bond breaker 44, 45

39. The following stress analyses were loaded with the temperature data
from Runs 18L, 18H, 18Ha, and 18C:

Run No. Description Figures
21L Stress analysis loaded by temperatures from 46, 47
Run 18L, shrinkage factor = 2, no reinforcing
bars

14



Run No. Description Figures

21H Stress analysis loaded by temperatures from 48, 49
Run 18H, shrinkage factor = 2, no reinforcing
bars

21Ha Stress analysis loaded by temperatures from 505 51
Run 18Ha, shrinkage factor = 2, no reinforcing
bars

21C Stress analysis loaded by temperatures from b2, 33
Run 18C, shrinkage factor = 2, no reinforcing
bars

40. In all analyses where cracking occurred, cracking began at the cen-
ter of the overlay and spread along the interface. As observed in the hori-
zontal overlays, the onset of cracking occurs at later times than field
observations indicate. Again, this shows that total volume change in the
field is more severe than assumed in the analyses. Cracking in Run 20S
occurred at the center only. This run represented an overlay with sealed
volume change only (i.e., no volume change due to shrinkage). Results of
Runs 21S, 22R, and 23R, with a shrinkage factor of 2, showed much more exten-
sive cracking. Cracking was initiated at the center at approximately 6 days
and spread along the interface and upward until only the top end elements
remained uncracked at 12 days. Very little difference in stress or strain was
observed between reinforced and unreinforced overlays. Runs 21S, 22S, and 23S
did not show cracking in the quarter-point top element (element 138).

Runs 24S and 26S showed no cracking. An interface element was used in each
case to allow bond strength to vary. Run 24S simulated zero bond strength,
while bond was simulated in Run 26S by applying a gradually increasing normal
force (from 0 to 100 psi) and a constant friction factor.

41. The cracked elements and sequence of cracking for Run 21L was
identical to Run 21S. In Run 21H, cracking occurred at the center line at
6 days, but extended along the interface more slowly, reaching the outer ele-
ments at 14 days and extending only through upper elements near the center.
Cracking was similar but occurred slightly later in Run 21C. In Run 21Ha, the

cracking patterns were similar, but, in addition, cracking occurred at mid-

point top element (element 138).
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42. From these analyses it is obvious that shrinkage is the most influ-
ential factor in overlay cracking. Since the restraint against shrinkage is
similar throughout a thin overlay, stresses are high throughout. The addi-
tional stress due to the thermal gradient is relatively small but is enough to
influence the location and propagation of cracks. All effective solutions to
the problem must concentrate on limiting shrinkage and stresses due to the

restraint of shrinkage.

16



PART IV: CONCLUSIONS AND RECOMMENDATIONS

Conclusions

43. Finite element analyses made with ABAQUS incorporating the UMAT
calibrated for the Dashields overlay concrete show that shrinkage is the pri-

mary factor in overlay cracking. Because the overlays are relatively thin,
thermal stress gradients are small. The major influence of the thermal
stresses is to control the location and propagation of cracking in the
overlay.

44, The concrete mixture supplied to WES by ORP had a cement content of
600 1b/yd3, a water-cement ratio of 0.45, and a maximum aggregate size of
0.75 in. This combination of parameters yields a mixture inherently suscep-
tible to shrinkage problems. In addition, no curing procedures other than
applying a membrane-forming curing compound are used. The potential for
shrinkage may be greater than if curing procedures involving added water were
used; however, in field practice better moisture retention is normally
achieved when curing compounds are used, since added water procedures are
rarely employed other than intermittently.

45. The analyses have shown that an effective bond breaker will elimi-
nate the cracking problem completely. However, there is a legitimate concern
about the field applicability of a bond breaker. This concern should be
addressed by field personnel and further research.

46. The analyses have also shown that reinforcing steel has little
effect on the tendency for cracking to occur in the overlay. It will,

however, control the spacing and size of the cracks throughout the overlay.

Recommendations

47. We recommend that concrete mixture proportions should be selected
to limit shrinkage. Shrinkage increases with increasing water content and
decreases with increasing aggregate size. Also, additional steps (other than
applying a curing compound) should be taken in curing to limit drying

shrinkage such as adopting moist curing procedures, etc.

48. A bond breaker can be used to limit stresses at an interface. How-

ever, the use of a bond breaker would require careful preparation of the

17



existing concrete surface to reduce roughness which tends to form a mechanical
interlock between existing and overlay concrete. More research into bond

breaking techniques and their effectiveness may be required prior to field

application.
49. A very thick overlay surface (probably 3 ft or more) would provide

less restraint at the surface and possibly prevent cracking from extending to

the surface,
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Ca0 63.2 Autoclave Expansion X 0.07
MgOo - Alr Content 2 9.8
SC3 2.8 Compressive Strength, psi
loss On Ignition 0 43 1-Day
Insoluble Residue 0.19 3-Day 2110
CA 4.2 CyS  47.8 " 7-Day 3435
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Water Rentention %

These Test Data are Average of Silo or Lot from which cement
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Figure 1. Cement Mill Test Report
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Predicted temperatures, Run 18L, nodes 1002, 1102, and 1202
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Figure 25. Predicted temperatures, Run 18L, nodes 1026, 1126, and 1226
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Figure 30. Predicted temperatures, Run 18Ha, nodes 1026, 1126, and 1226
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Figure 31. Predicted temperatures, Run 18Ha, nodes 1050, 1150, and 1250
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Predicted stresses, Run 20S, elements 121, 126, 133, and 138
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Predicted stresses, Run 21S, elements 121, 126, 133, and 138
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Predicted stresses, Run 21S, elements 121, 132, 133, and 144
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Predicted stresses, Run 22R, elements 121, 132, 133, and 144
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Predicted stresses, Run 23R, elements 121, 126, 133, and 138
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Figure 41. Predicted stresses, Run 23R, elements 121, 132, 133, and 144
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Figure 42. Predicted strains, Run 24S, elements 121, 126, 132, 133, 138, and 144
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Figure 43. Predicted stresses, Run 24S, elements 121, 126, and 132
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Predicted stresses, Run 26S, elements 121, 126, 133, and 138
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Figure 45.

Predicted stresses, Run 26S, elements 121, 132, 133, and 144
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Figure 46. Predicted stresses, Run 21L, elements 121, 126, 133, and 138
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Figure 47.

Predicted stresses, Run 21L, elements 121, 132, 133, and 144
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Predicted stresses, Run 21H, elements 121, 126, 133, and 138
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Figure 49.

Predicted stresses, Run 21H, elements 121, 132, 133, and 134
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Figure 50.

Predicted stresses, Run 21Ha, elements 121, 126, 133, and 138
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Figure 51.

Predicted stresses, Run 21Ha, elements 121, 132, 133, and 144
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Figure 52. Predicted stresses, Run 21C, elements 121, 126, 133, and 138
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Figure 53.

Predicted stresses, Run 21C, elements 121, 132, 133, and 144





