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ABSTRACT

Results of axisymmetric structural analyses of a 1:6 scale model of a reinforced
concretc nuclear containment building are presented. Both a finite element shell
analysis and a simplified membrane analysis were made to predict the structurai
response and ultimate pressure capacity of the model. Analytical results indicate
that the model will fail at an internal pressure of 187 psig when the stress level in the
hoop reinforcement at the midsection of the cylinder exceeds the ultimate strength
of the bar splices.
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1. EXECUTIVE SUMMARY

Under a program sponsored by the U.S. Nuclear Regulatory Commission, Sandia
National Laboratories has been investigating methods for predicting the structural
response of nuclear reactor containment buildings subjected to loads produced by
hypothetical severe accidents. As part of this program, a 1:6-scale reinforced con-
crete containment model will be pressurized to failure in 1987. Data generated by
the test will serve as a benchmark for evaluating analytical methods used to predict
the response, failure mode, and ultimate load capacity of similar containment struc-
tures. Ten organizations, including Sandia, have conducted pretest analyses of the
containment structure. Many of the results from the pretest analysis effort are doc-
umented in [1]. This report describes additional calculations made at Sandia since
the preparation of [1].

The 1:6-scale model was designed for an accident pressure of 46 psig following
the requirements of the ASME Boiler and Pressure Vessel Code, Section III, Division
1 and 2. The firm responsible for the design and construction of the model was
United Engineers and Constructors. The containment model is 22 feet in diameter
and has a total height of 37 feet. A steel liner on the inner surface of the concrete
wall serves as the pressure boundary for the structure. The primary reinforcement
in the structure consists of #4 steel reinforcing bars. In addition to reinforcement
oriented in the hoop and meridional directions, the model also contains reinforcement

designed to carry seismic loads. The seismic reinforcetnent is oriented at 45° to the
hoop and meridional directions.

Equipment hatches, pipes, and airlocks typically penetrate the containment wall
in actual containment buildings. For this reason, representations of several types of
penetrations were included in the 1:6-scale model. The model contains two equipment
hatches and two personnel airlock representations. The model also contains two 8-
inch diameter penetrations placed at locations in the cylinder wall diametrically
opposed from one another and connected by a steel rod. The purpose of the rod is to
simulate the effect of a large bore pipe that passes through the containment building
and resists the radial expansion of the structure.

In the work reported here, both an axisymmetric finite element shell analysis of
the containment structure and a membrane analysis of the cylinder midsection were
conducted. The equipment hatches, personnel airlocks, and constrained penetrations
were ignored in these models. These analyses differ from similar analyses reported
in [2] in that distributed cracking models were used to represent the mechanical
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behavior of the concrete in tension. In the previous finite element calculations, plas-
ticity models were used for the concrete, and in the previous membrane analysis, the
stiffness of the concrete was completely ignored. Results from the current membrane
analysis were used as a point of reference for evaluating the results of the finite ele-
ment calculations with concrete cracking. This cemparison was necessary since the
iterative solution technique employed in the nonlinear finite element analysis failed
to reduce the force residuals to an acceptable level in many steps of the analysis. In
spite of this fact, it is believed that this set of finite element calculations represents
a more accurate prediction of the response of the structure than the results reported
in (2].

In the membrane analysis of the cylinder midsection, hoop cracks formed at
42 psig internal pressure followed by the formation of meridional cracks and liner
yielding at 110 psig. The hoop reinforcement at the cylinder midsection reached
the yield point at 122 psig internal pressure followed by yielding of the seismic rein-
forcement at 130 psig and yielding of the meridional bars at 148 psig. The ultimate
strength of the hoop reinforcement was reached at 183 psig.

Finite element results at the midsection of the cylinder were in close agreement
with the results of the membrane analysis except for the prediction of the internal
pressure necessary to cause yielding of the meridional reinforcement. An internal
pressure of 167 psig was required to cause yielding of the meridional reinforcement in
the cylinder midsection in the shell model, as compared to 148 psig in the membrane
analysis. This discrepancy is believed to be due to convergence problems in the
finite element solution. Based on the axisymmetric finite element shell analysis, the
ultimate load capacity of the containment structure is predicted to be 187 psig. At
this pressure, the hoop bars in the midsection of the cylinder reach the level of stress
necessary to cause failure at splices in the reinforcing bars.



2. INTRCDUCTION

The Containment Integrity Division at Sandia National Laboratories is currently
involved in experimental and analytical programs to determine how accurately state-
of-the-art analytical methods can be used to predict the structural response and
ultimate load capacity of reinforced concrete reactor containment buildings subjected
to loads resulting from a severe accident. As part of this program, a 1:6-scale model
of a reinforced concrete containment building (see Fig. 1) has been constructed and
will be pressurized to failure in July 1987. Ten organizations, including Sandia, have
submitted predictions of the structural response of the containment model [1]. The
data obtained from the overpressurization test will be compared to these analytical
predictions.

Several of the pretest analyses of the containment structure conducted at Sandia
are documented in [2|. The scope of the effort in 2| consisted of nonlinear axisym-
metric shell and continuum analyses based on the finite element method as well as
a simplified membrane analysis of the cylinder wall in which the stiffness of the con-
crete was neglected. In all of the previous finite element calculations, the concrete
was assumed to behave as a non-hardening elastic-plastic material with different yield
strengths in tension and compression. This type of material response was obtained
by using the standard ABAQUS material inodel for concrete and suppressing the
softening due to cracking and crushing. The ability of the concrete to carry tensile
load decreases as cracking progresses, and, to simulate this phenomenon, two sep-
arate finite element analyses were conducted. In the first set of calculations, the
tensile yield strength of the concrete was set equal to the experimentally measured
ultimate strength of the concrete. The results from this analysis gave estimates of
the structural response in the low pressure range where the concrete carries a signif-
icant fraction of the net tensile load. A second set of finite element calculations was
conducted in which the yield strength of the concrete was set equal to a very small
value (10 psi). The results from the second analysis gave estimates of the structural
response in the high pressure range where the concrete in the dome and cylinder is
heavily damaged and contributes very little to the overall stiffness of the structure.
This two-step analytical approach was taken in order to avoid numerical difficulties
ascociated with the sudder softening of the concrete after cracking or crushing.

The finite element analysie described in this report is based on the same finite
element mesh used in the shell studies reported in [2]. Instead of treating the con-
crete as a non-hardening elastic-plastic material in both tension and compression, a
distributed cracking model was used to represent the tensile behavior. The specific
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constitutive model that was used in this analysis was the standard ABAQUS material
model for concrete found in version 4-5-171 of the code (this is the same material
option used in (2|, but with a different set of material parameters). In this model,
the concrete softens gradually after the initiation of cracking or crushing. Although
extremely small pressure steps (2 .05 psig) were used to apply load to the structure,
convergence problems were encountered in the solution. In spite of this problem, the
finite element analysis described in this report is believed to provide a more accurate
prediction of the response of the containment structure than the analyses reported
in [2].

A nonlinear membrane analysis for the midsection of the cylinder wall was de-
scribed in (2| in addition to the finite element analyses that were reported there.
Originally, the membrane analysis was performed by writing and solving the equilib-
rium equations in terms of the stress in the steel liner and reinforcement, completely
neglecting the stiffness of the concrete. In the more recent work described in this
report, the membrane analysis has been modified to include the load carried by the
concrete both before and after the initiation of cracking. The new membrane analysis
provides a second set of results to compare against those obtained from the current
finite element solution, which employs a distributed cracking model for the concrete.
The results of the new membrane and finite element analyses are in close agreement
with one another with regard to the predicted radial displacement of the cylinder
wall and to the stress states in the liner and reinforcing steel at the midheight of the
cylinder.

3. FAILURE CRITERIA

Realistic failure criteria must be adopted for ali potential failure mechanisms in
order to predict the ultimate pressure capacity of the containment. Failure is defined
as any event which results in significant leakage. A high degree of uncertainty exists
in selecting these failure criteria since, in many cases, the criteria are based on data
derived from simple uniaxial tension and compression tests but are then applied
to locations in the structure which are subject to more complex multiaxial loading
conditions.

Except for regions where a large transverse shear force is present, the steel
reinforcing bars are primarily in a state of uniaxial tension. Under this loading
condition, the reinforcing bars are assumed to fail at a tensile stress level of 99 ksi
(680 MPa). This value is based on results of tensile tests on spliced rebar specimens
similar to those used in the construction of the 1:6-scale model. The containment
structure is assumed to fail when the stress level in any layer of reinforcement in the
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shell model reaches the ultimate strength of the bars

Tearing of the liner constitutes another possible failure mode of the containment
The failure criterion used for the steel liner is based on equivalent plastic strain.
Failure is assumed to occur when the equivalent plastic strain reaches the level of
plastic strain at maximum load in a uniaxial tensile test. This value is approximately
15% for the liner material.

One of the mest difficult modes of failure to evaluate or predict is failure brought
on by radial shearing forces. When a crack develops through the concrete wall, the
shearing force is transmitted by friction and aggregate interlock across the crack
surfaces, and by dowel action of the reinforcing bars that span the crack plane. The
models used to represent the rebar and concrete are too simplified to directly evaluate
the potential for shear failure based solely on the material models and failure criteria
for the steel and concrete. As an alternative, two empirical criteria were used as
a basis for evaluating the shear strength of sections subject to combined shear and
membrane tension. Experimental results (3] indicate that the ultimate strength of a
reinforced concrete section in shear falls within the range

1.9V/fi < 1 S1T/F: (3.1)

where 7, is the ultimate shear strength in units of psi and f; is the ultimate compres-
sive strength of the concrete in psi. The failure criterion developed in (3] suggests
that between the limits of Equation 3.1, the ultimate strength varies according to
the relation

ru = [013 (of, — 0,) + 1.9]/f! (3.2)

where

meridiona] reinforcement ratio = A,/A,

tensile yield strength of the steel, psi.

P,. ‘YAH

area of steel in meridional direction, sq. in.

total area of the containment wall in meridional direction, sq. in.

force in the meridional direction, Ib.

The area of the liner is not included in calculating A, or A,; likewise, the meridional
force carried by the liner is not included in Pp,. A second criterion based on the shear-
friction model (4] was also used to estimate the ultimate shear strength between the
limits in Equation 3.1. The shear-friction model states that the shear strength varies
according to

pfy — o, (3.3)




When the radial shear force, V, is such that V /A, exceeds either of the two values
calculated for 7, from Equations 3.2 and 3.3, then the probability of a shear failure
is considered to be high.

4. MEMBRANE ANALYSIS

The major assumption made in the membrane analysis of the cylinder wall pre-
sented in (2] is that strains due to bending are negligible so that the state of strain
is uniform through the wall thickness. The addition of concrete to the membrane
analysis is straightforward, and the equilibrium equations become

|
OrSanpA + ia,a,n.A 5 t,a," % t,a:' = pR (4.1)
pR W
Om8mNmA + %a.a.n,A + tldlm + t,a;" = -E- - _Z-;E (4.2)
where !
Oh,0,,0m = axial stresses in the hoop, seismic, and meridional bars
np, NNy = number of layers of hoop, seismic, and meridional bars
Shy8,,8m = number of bars per unit length in the direction perpendicular to the bar
in the hoop, seismic, and meridional layers
op,o" = liner stresses in the hoop and meridional directions, respectively |
o? o™ = concrete stresses in the hoop and meridional directions, respectively |
ti,t. = liner thickness and concrete thickness, respectively |
A = cross-sectional area of each bar ‘

R cylinder radius
W = weight of the containment above the cylinder midheight
p = internal pressure

The concrete is assumed to remain linearly elastic until either the hoop or merid-
ional stress exceeds the ultimate strength of the concrete. The ultimate strength of
the concrete in tension is denoted by f;. When the concrete stress in a given direc-
tion reaches f{, the material is assumed to crack. The nomenclature used to identify
cracks is such that the plane of a hoop erack runs parallel to the axis of revolution
for the cylinder, and the plane of a meridional crack runs perpendicular to the axis
of revolution for the cylinder. In the membrane analysis, a hoop crack is formed
when the hoop stress reaches f/, and a meridional crack is formed when the merid-
ional stress reaches f|. Further straining in the direction normal to the plane of the
crack is assumed to resalt in a linear decrease of the stress component normal to the
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crack plane. Each stress component in the concrete is assumed to vanish when the
corresponding strain component reaches the yield strain of the reinforcing steel. The
analysis is simplified by neglecting the Poisson effect so that the stress-strain relation
for the concrete in the hoop direction is given by

E.e) if ea< fi/E.
e
po . (1-::_ .g:)f,' i fI/B, <en<e,
0 if ea>¢

where E, is the Young’s modulus of the concrete, ¢, is the hoop strain, and ¢, is the
yield strain of the reinforcing steel. A similar stress-strain relationship is used in the
meridional direction.

The descending branch of the concrete stress-strain curve is used to account for
the so-called “tension stiffening” effect which can be observed in data from tensile
tests on reinforced concrete panels [5]. This term refers to the fact that even after
cracks form in the panel, the concrete between cracks will continue to carry load and
contribute to the stifiness of the panel. Test results suggest that the stiffening effect
of the concrete tends to disappear as the average strain normal to the crack plane
reaches the yield strain of the reinforcing steel.

Material properties used for the rebar are listed in Table 1. The cross-sectional
area, A, of each rebar is taken to be 0.2 in? which corresponds to the nominal area
of a standard #4 steel bar. For the membrane analysis, the steel liner was treated as
an elastic-plastic material with a Young’s modulus of 30 x 10° psi, a yield sirength
of 50.2 ksi, and a hardening modulus of 2.56 x 10® psi. The Young's modulus of the
concrete, E,, was taken to be 4.8 x 10° psi, and a value of 500 psi was used for f]
based on results of direct and split tension tests. Values of .0625 in and 9.75 in were
assumed for the thicknesses of the liner and concrete, respectively.

As in (2], the equilibrium equations were solved using a modified Newton method.
A listing of the current version of the FORTRAN program’ used in the solution of
the equations is provided in Appendix A. Figure 2 shows a plot of the stresses in
each reinforcement layer as a function of pressure. These results were generated by

'In addition to changes made to incorporate concrete into the membrane analysis, two coding errors
in the original version of the program used in (2| were also corrected. These errors were related
to the calculation of the equivalent plastic strain in the liner and had a relatively :ainor effect on
the predicted response. For internal pressures above that necessary to cause liner yielding, the
corrections shifted the pressure-displacement results by approximately 7 psig with displacements
being larger in the corrected version of the code for a given value of internal pressure. The weight of
the containment structure above the midheight of the cylinder wae also corrected from the previous
value of .221 x 10° Ib to .16 x 10° Ib. This correction did not result in a significant change in the
results of the membrane analysis.




incrementally increasing the pressure in steps of 2 psig. Equilibrium iterations were
continued during each pressure step until the norm of the out-of-balance forces was
less than 1 x 10°® of the norm of the applied forces. The analysis predicts that
hoop cracks form at 42 psig followed by the formation of meridional cracks and liner
yielding at 110 psig. The hoop reinforcement reaches yield at an internal pressure of
122 psig followed by yielding of the seismic reinforcement at 130 psig, and by yielding
of the meridional bars at 148 psig. The analysis was terminated at 183 psig when
the hoop reinforcement reached the stress level necessary to cause failure of the bar
splices (99 ksi).

5. FINITE ELEMENT SHELL ANALYSIS

The finite element mesh used for the axisymmetric shell analyses reported in [2]
was also used in the present analysis. Figure 3 shows an outline of this mesh. Two-
noded, thick-shell elements are used throughout the model. Nine integration points
were used to integrate through the thickness of the shell, and single-point integration
was used along the length of each shell element. The basemat is assumed to rest on
a rigid surface, and interface elements were placed between the basemat and rigid
surface to allow for uplift of the basemat. The present analysis will be referred to 2s
Model 5 to distinguish it from the previous shell analyses in [2] which are denoted
as Models 1 and 2, and the continuum analyses in [2] which are denoted as Models 3
and 4.

The layered shell and rebar options in the ABAQUS code were used to place
the liner and rebar at the appropriate positions through the thickness of the shell.
Material properties for the reinforcing steel and liner material are iisted in Tables 1
through 3. The nominal values for liner thickness listed in Tables 2 and 3 were used
in the analysis rather than the actual values. The measured thicknesses of the liners
are approximately 9% less than the nominal thicknesses reported in the construction
drawings; however, tnis discrepancy was not discovered until after the analysis had
been completed. This difference is not expected to have a significant impact on the
predicted response of the structure.

The transverse shear stiffness of the thick-shel! element in the ABAQUS com-
puter code remains constant throughout the analysis and is by default set equal
to %Gctﬂ where G, is the initial shear modulus of the concrete layer and t, is the
thickness of the concrete layer. In contrast, the transverse shear stiffness of the con-
tainment wall will change significantly after cracking of the concrete. Since we are
primarily interested in the response of the containment after the onset of cracking,
the transverse shear stiffness of the shell was set equal to %G,t, which corresponds
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to the transverse shear stiffness of a linear elastic shell having a shear modulus equal
to 20% of the shear modulus of the uncracked concrete.

The concrete constitutive model in the ABAQUS code was used to represent
the concrete in the containment model. This material model is capable of describing
both cracking and crushing of the concrete. The constitutive model requires input
of several parameters, including points from the stress vs. plastic strain curve in
uniaxial compression, the uniaxial tensile strength, the biaxial compressive strength,
the magnitude of plastic strain at failure in uniaxial tension, and the magnitude of the
plastic strain at failure under biaxial compression. Points used to define a piecewise
linear relationship between the uniaxial compressive stress and the equivalent plastic
strain are listed in Table 4, and values for the remaining material parameters are listed
in Table 5. The ABAQUS default values were used for those parameters requiring
biaxial test data since this information was not available. To account for the tension
stiffening effect, the concrete constitutive model allows the user to define an unloading
curve for the concrete after cracking in tension. In this analysis, the component of
stress normal to the crack plane is assumed to decrease linearly with increasing strain,
finally vanishing when the difference between the total strain component normal to
the crack plane and the normal strain component at the onset of cracking is equal to
the yield strain of the reinforcing steel (~ 0.2%).

The dead load due to the weight of the concrete was applied in the first step of
the analysis. This load was applied as a body force of .086 Ib/in® acting downward.
In addition, the weight of the one foot thick concrete fill slab which rests on top of the
basemat was accounted for by applying a downward pressure load of 1.6 psi to the
basemat liner. Following the application of the gravity load, the internal pressure
was increased from 0 to 30 psig in six steps using automatic load incrementation.
Between 30 psig and 170 psig, the pressure loading was increased directly using
pressure increments of 0.041 psig. Pressure increments of 0.05 psig were used between
170 psig and 200 psig. Three equilibrium iterations were allowed in each increment for
pressures above 30 psig. If the convergence was not achieved within three iterations,
the analysis was continued to the next pressure increment. The solution time for the
problem was 4.6 cpu hours on a Cray X-MP/24.

Convergence in the ABAQUS program is determined by comparing the maxi-
mum force residual to a convergence tolerance specified by the user. This tolerance
is usually defined to be a small fraction of a typical nodal force which is applied
to the structure. A convergence tolerance of 2.5 x 10° Ib was used throughout the
analysis. At 30 psig, the specified convergence tolerance was 15% of a typical nodal
force applied in the cylinder region and .14% of the vertical load carried by the cylin-
der. At 200 psig the value of the specified convergence tolerance was 2% of a typical
nodal force applied in the cylinder region and 0.02% of the vertical load carried in
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the cylinder region.

The convergence tolerance was met at each increment in the analysis up to a
pressure of 97 psig. Between 97 psig and 98 psig, the maximum residuals associated
with the vertical degrees-of-freedom near the base of the cylinder were approximately
2 x 10* |b, exceeding the specified tolerance. The convergence tolerance was again
met for all increments between 98 psig and 112 psig. At 112 psig the residual force
associated with a vertical degree-of-freedom near the midheight of the cy'inder had a
value of 8 x 10° |b. Following this, the convergence tolerance was again met for all load
steps between 113 psig and 125 psig. At 125 psig, however, the residual associated
with a vertical degree-of-freedom in the upper part of the cylinder exceeded the
tolerance. Between 126 and 131 psig, the convergence criteria was s..iisfied. Above
131 psig, except for the pressure range from 168 psig to 172 psig, convergence was
not achieved in most of the remaining load steps. At 180 psig, the strain in the hoop
reinforcement near the cylinder midheight exceeded the strain necessary to cause
splice failure in the rebar. Since this corresponds to the last data point entered for
the rebar stress-strain curve, the results for pressures above 180 psig were ignored.
The force residuals in the raige of pressure from 126 psig to 180 psig were typically
less than 1 x 10° b, and the maximum force residuals were generally associated with
the vertical degrees-of-freedom in the cylinder wall.

It is not possible to fully assess the effect of the residual forces on the predicted
response of the containment solely on the basis of results from a single finite element
analysis. The best way to determine an acceptable convergence tolerance for the force
residuals is to run multiple analyses with successively tighier tolerances and compare
the results. This approach was not followed because of the large amount of comvuter
time required for each analysis. In the current analysis, the tolerance was chosen
so that the maximum residual force would be small relative to a typical applied
force. Even though the specified convergence tolerance was not mei at each step
in the current analysis, two observations lend some credibility to the finite element
results presented here. First, the finite element results correspond closely with the
membrane theory results with regard to the radial displacement in the midsection
of the containment. This correlation will be shown later in the report. Second, for
those load steps in which the tolerance was not met, t* e maximum force residual
was generally associated with a vertical degree of freedom in the cylinder region. For
these cases, the residual force was still small relative to the tensile load carried in the
cylinder.

The cracking sequence of the concrete is described in Figures 4 through 9. These
figures show the development of both hoop and meridional cracks at the inner surface,
outer surface, and midthickness of the concrete mat and wali. Each symbol denotes a
crack at an element integration point. The first crack in the concrete appeared at an
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internal pressure of 35 psig in the meridional direction. This initial crack was located
at the base of the cylinder, on the inside surface of the containment. A: 38 psig, hoop
¢ wcke formed in the midsection of the cylinder. By 43 psig most of the cylinder was
<ialed in the hoop direction. Hoop and meridional cracks had formed in most of
the dome 2g0n by 70 psig. Meridional cracks began to appear on the lower surface
of \lie base nat at 104 psig, followed by the formation of hoop cracks at this location
at 108 psig. The wi.duection of the cylinder cracked in the mes.dione! direction at
an internal pressuve of 112 psig. Meridional cracks reached the midthickness of the
basemat at 154 p: g, and hoop cracks had developed at the midthickness by 157 psig.

A sequence of deformed =97« plots of the containment structure are presented
in Figure 10 for thre= difi reat level; of internal pressure. Figures 11 and 12 contain
plots of the radic! ‘isplacement. ai the midheigh? . the cylinder as a function of
pressuve and precent a comparisi/ of the resiis fromn the current finite element
analysis (Mode! 5) (o th e from ! .e mimbrane analysis with concrete cracking and
ir» e results of th+ Auite element shell analyses described in [2] (Models 1 and 2).
The radial displac/ mer*: » edicted by the membrane analysis are in close agreement
with the resuits of Model » for the entire range of ini2rnal pressure. Figure 13 shows
tt« vertical displecement of the dome apex as a function of pressure as predicted by
thy three finite element shell analyses. The uplift of the basemat beneath the cylinder
wall is shown in Figure 14 for Models 1, 2, and 5. Here, the uplift is measured reln'ive
to the point where the axis of symmetry intersects the basemat. Tt basemat, in
Model 5 is more flexible since the concrete is allowed to soften following  r=cking
whereas, in Models 1 and 2, the concrete was not allowed to soften after he vield
surface was reached.

The distribution of 4.;ess in .he ¢ -bar layers is shown in Figures 15 through 4.
Vigure 15 shows that &' 125 us 1 a sipnificant amount of the hoop reinforcemer t in
the cylinder has reached th+ viv.d point (66.6 ksi), and that by 180 psig the hoop | ars
have reached the stress let ' necess:ry to initiate a splice failure (99 ksi). The largest
stress in the Layer ¥ wae f.onal bars occurs in the first element above the baremat.
AltY ; igh some of the discontinuities in the curves in Figure 16 are the result of
ter* laav'ons of the meridional rebary, the stress discontinuities in the central section
of ‘L cntaiument are thought to be the result of convergence difficulties which
occus w}en the strains in the meridional direction approach the level at which the
meridional stress in the concrete vanishes (at this point the unloading branch of the
curve for the concrete has a discontinuity in slope). Figurcs 19 through 24 show that
non> of the reinforcement in the basemat reaches the yield point prior to 180 psis.

Figure 2T st ws the stresses in the hoop, meridional, and seismic reinforceiueat
at the midsect'my of the ¢ylinder as a function of pressure. Although not shown in
the figure, the liner yields &' 110 peig at this location. The hoop bars reach /ield 1t &

11




pressure of 124 psig fcl'lowed by yielding of the seismic bars at a pressure of 132 psig,
and ylelding of the meridional bars at \¢” psig. At 180 psig, the hoop birs reach
the swress level at « hich splice failure occurs. With the exception of the stress in the
meridional reinforcement between 13C and 160 psig, ther» is good agreement between
tive membrane theo 'y results and the finite el rment results. The unloading seen in
the outer meridional bars ‘or pressures bet vuen 140 psiy and 160 psiy is believed to
be the result of mumerical problems. For this res#on. tne membrane theory results
are considered to be more accurate than the finite element resclts for predicting the
stress in the meridional reiniorcement in the cylinder midsection between 140 psig
and .60 pa'g

Figures 26 and 27 show the fraction of the applied load carried in the various
str zctaral elements at vhe maidheight of the cylinder. The concrete initially carries
86% of 1he load i+ houp direciion and 88% of the load ir the meridional direction.
The fraction of the ivad carried by the conucretc in the houp direction vanishes when
the hoop bar- reach yield at 124 psig, and, similariy, the load carried by the concrete
in the meridional direction goes to zero when the meridional bars yield at 167 psiz in-
ternal pres mre. Before the cancrete cracks, the liner carries 4% of the tots) ywwud in the
hoop direction and 6% in ths meridional direction. At higher nressures (> 130 psig)
the liner carries approximately 20% of the total 'sad in bouh the hoop and meridional
directions. Note that the liner generaly carvies » !ziger share of tie applied load
than the s¢ smic reinforcement i ezch of the two dizextions.

Figure 2% shows the s'ress in :h: meridicva! and seismic reinforcement at the
base of the cylinder ws a fonction of pressvre. .t this location, the inner meridionai
reinforcement (Layer 2) yiei?s at a pressure of 125 psig followed by yielding of the
Layer 10 meridiona! reinforcerrent at 132 psig and yielding of the outer meridional
reinforcement (Layer §) at 150 raig. The outer seisivic bars (Laver 8) are in a state
of compression over the whole peossure range. Figare 28 implies that the neutral axis
of the shell ie located between ¢ i v v and outer seismic reinforcement for pressures
above 147 psig so that only 2 smaull part of the total cross-section at the base of the
shell is in meridional compresa’or

The distribution of equivslent plasuic atrain in the liner is shown in Figure 29
for internal pressures rans ‘ag from 150 psig tc 780 psig. At 180 psig, wiwen the hoop
bars in the midsection of the cvlinder are predicted to fail, the maximum value of
e ivalent plastic strain in the biner is lesa than €%. This is well below the plastic
strain level of 15% which exists when the altimate tonsile strength of the liner material
is reached in uniaxial tension and suggests that a liner failure is onlikely prior to the
failure of the hoop bars iu the cylinder midsection. This analysis, however, dces not
accourt for strain zoucentraiions in the liner which may occur near cracks in the
concrete wall so that liner rupture prior to 150 psig still remains a possibility. In
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addition, more work is needed to establish a more reliable rupture criterion for the
liner under biaxial loading conditions.

Bending at the base of the cylinder resulted in crushing of the concrete on the
outer surface of the containment. This is demonstrated by plots of the hoop and
meridional stresses shown in Figures 30 through 32. In the first element at the base
of the cylinder, the meridional stress on the outer surface of the containment reaches
a maximum value at 145 psig (see Fig. 30). From this point, the concrete begins to
soften and completely loses all load carrying capacity at 166 psig. By comparison, the
concrete at the same location in the Mode! 2 analysis reached the compressive yield
surface at 145 psig internal pressure. The plots in Figure 31 show the meridional
and hoop stresses on the outer surface in the second element above the base of the
cylinder. This figure clearly reveals a deficiency in the constitutive model for the
concrete. At 180 psig when the hoop stress is nearly zero, the meridional stress in
the concrete reaches a value of —14500 psi which is far greater than the uniaxial
compressive strength of 6800 psi.

The concrete on the outer surface of the dome adjacent to the springline began
to crush at 175 psig. This crushing was brought about by bending at the springline
induced by the mismatch in the radial stiffness of the dome and cylinder. By 180 psig,
the region of crushing extended from the springline to a point 70 inches away from
the springline along the surface of the dome.

The moment-curvature relationship at the base of the cylinder is shown in Fig-
ure 33 for the Model 5 analysis. The slope of this curve is always positive, indicating
that a bending instability does not develop in the present analysis. This contradicts
the speculation made in (2] that the containment will fail Jue to a bending insta-
bility at this location. Since the current analysis is considered to provide a better
characterization of the concrete than the analyses in [2], the bending instability is no
longer considered to be the most probable failure mode.

Figure 34 shows the radial shear force in the cylinder and dome regions. As
expected, peaks occur at the basemat /cylinder junction, springline, and at the edge
of the dome plates near the apex of the dome. The average radial shear stress
existing at these locations is shown in Figure 35 as a function of internal pressure.
The criteria used to drtermine the potential for radial shear failure are contained in
Equations 3.1 through 3.3. The minimum shear strength of a section is assumed to be
equal to 1.9\/1'—" , where f is the ultimate compressive strength of the concrete. The
shear stress in the dome near the springline and near the dome plates remain well
below the minimum value of radial shear strength as shown in Figure 35. At 170 psig,
the radial shear strength at the base of the cylinder is calculated to be 850 psi based
on Equation 3.2 and 680 psi based on Equation 3.3. Both values are much larger than
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the value of radial shear stress predicted by the finite element analysis at 170 psig at
the base of the cylinder wall.

6. CORRECTION OF RESULTS TO ACCOUNT
FOR WALL THICKNESS

When a pressure load is applied to an axisymmetric shell element in the ABAQUS
code, the nodal forces are computed based on the radial position of the nodes which
make up the shell element. These forces are directly proportional to the distance
from the ncdes to the axis of symmetry. In the finite element model of the contain-
ment structure, the nodes for each shell element were placed at the centerline of the
containment wall. Hence, the pressure applied to the dome and cylinder wall in the
finite element analysis is equivalent to a slightly higher pressure acting on the inner
surface of the containment wall. The equivalent internal pressure, p;, acting on the
inner surface of the cylinder can be computed from the applied pressure, p, through
the relation:

p=p(1+ Efiz.") (6.1)

where t is the thickness of the cylinder wall and R; is the internal radius of the
cylinder. This same correction should also be applied to the membrane theory results
since the value used for R in Equations 4.1 and 4.2 was equal to the radius at the
midthickness of the cylinder wall. The correction in Equation 6.1 shifts the predicted
failure pressure of the containment from 180 psig to 187 psig. It should be noted
that since this is a geometrically linear analysis, the applied nodal forces are not
calculated based on the internal dimensions of the deformed structure.

7. CONCLUSION

Results of a membrane and axisymmetric finite element shell analysis of the
containment structure have been presented. These analyses differ from previous
analyses reported in (2] in that they allow for softening of the concrete following
cracking or crushing. The softening behavior makes it far more difficult to obtain
a converged finite element solution, and force residuals at the end of each load step
were, in many cases, considerably larger than those existing in the shell analyses
reported in [2]. In spite of this fact, the finite element analysis presented here is
believed to provide a better estimate of the structural response of the containment
than the previous analyses because the material model more accurately reflects the
stiffness of the concrete.

Table 6 contains a summary of the important structural events which occur
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during pressurization of the finite element model. An upper bound for the ultimate
pressure capacity of the containment is 187 psig. At this pressure, the splices in
the hoop bars reach their ultimate strength. The crushing of the concrete at the
base of the cylinder region occurs at virtually the same pressure as in the Model 2
analysis of [2|. The moment-curvature relationship at this location in the current
model (Model 5) indicates that the section can continue to carry an increasingly
larger bending moment and that a limit point is not reached before 187 psig as was
speculated in (2| (see Fig. 33). Shear failures and liner tearing prior to 187 psig
also appear unlikely based on the failure criteria which have been adopted. Hence,
based on the results presented in this report, the most likely mode of failure for the
containment appears to be failure of the splices in the hoop bars at the midheight of
the cylinder at an internal pressure of 187 psig.
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Table 1:

Rebar Material Properties Based on Nominal Cross-Sectional Areas

Engineering Stress Plastic
(ksi.)  (MPa.) Strain
66.6 459 0.
73.3 505 0094
85.6 590 0200
. 99.0 683 0430
Young's Modulus = 31 x 10° psi. (214 x 10° MPa.)
Poisson’s Ratio = .3
Yield Strength = 66.6 ksi. (459 MPa.)

Table 2: Material Properties for Dome Liner.

Engineering Stress Plastic

(ksi.) (MPa.) Strain
514 354 0.
61.1 421 0230
66.9 461 0478
70.5 486 0977
71.0 490 1476

Young's Modulus = 30 x 10° psi. (207 x 10° MPa.) ]
Poisson’s Ratio = .3

Yield Strength = 51.4 ksi. (354 MPa.)
Nominal Thickness = .0833 in. (.212 cm.)
Actual Thickness = .090 in. (.229 cm.)
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Table 3: Material Properties for Cylinder and Basemat Liner

Engineering Stress Plastic
(ksi.) (MPa.) Strain
50.2 346 0.
50.2 346 0157
59.0 407 .0308
66.0 455 0696
68.0 469 0937
70.0 483 .1620

Young’s Modulue = 30 x 10° psi. (207 x 10° MPa.)
Poisson’s Ratio = .3

Yield Strength = 50.2 ksi. (346 MPa.)

Nominal Thickness = .0625 in. (.159 cm.)

Actual Thickness = .068 in. (.173 cm.)

Table 4: Stress-Strain Data for Concrete Under Uniaxial Compression

Engineering Plastic
Stress Strain
(ksi)
1.0 0.
2.0 3.33 x 10°®
3.0 9.50 x 10°®
3.9 1.88 x 104
5.0 3.58 x 104
6.8 5.83 x 104
6.79 8.83 x 1074
3.4 3.44 x 10°*
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Table 5: Additional Material Parameters Used With the Concrete Constitutive
Model in the ABAQUS Code.

PARAMETER VALUE
DESCRIPTION
Young’s Modulus 4.8 x 10° psi.
Poisson’s Ratio 3
Ratio of each non-zero stress component at fail- 1.16¢

ure under biaxial compression to the stress mag-
nitude at failure under uniaxial compression.

Ratio of the stress at failure under uniaxial ten- | 7.35 x 1072
sion to the stress at failure under uniaxial com-
pression.

Ratio of the magnitude of a component of plastic 1.28
strain at failure under biaxial compression to the
plastic strain at failure under uniaxial compres-
sion.

Ratio of the magnitude of plastic strain at failure 09}
under uniaxial tension to the plastic strain at
failure under uniaxial compression.

‘default value in ABAQUS code
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Table 6: History of Events from the Model 5 Shell Analysis

| PRESSUREY | ek e
35 | Meridional crack forms at the base of the cylinder on the inner sur- |
38 | Hoop cracks form at the midsection of the C)linder ‘

7 | Hoop and mendlonal cra.cks develop in most of the dome reglcm

104 | Meridional cracks appear on the lower surface of the bd.b(’lnd.t 4

i s mHoop cracks appear on the lower surface of the babemat

110 | Liner yields in the midsection of the cylinder.

e 1 Meridional cracks form in the midsection of t}xecyflr;d(r ;

TR ‘}{oop reinforcement in the midsection of the cylinder ynelds

12o | Inner meridional reinforcement yields at the base of the cylinder.

|
et e ————— -
1

‘Layer 10 meridional reinforcement yields at the base of the () linder.
Seismic reinforcement yields in the midsection of the cylinder,

~ Outer meridional reinforcement (Layer 5) yields at the base of the |
cylinder.

|
E—
|
1

"Meridional cracks dev. elop at the midthickness of the ba.semat i

T “Hoop cracks develop at the midthickness of the basemat.

|

Mendlonal reinforcement vxelds in the midsection of the cylmd(r

SR —— -

.
Stress in the hoop reinforcement near the midsection of the cylinder ;
reaches the level necessary to cause extensive failure of the splices.
This is the predicted failure mode of the containment.

‘the correction in Equation 6.1 has not been applied to these values
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Figure 10.

Deformed thape Plots from the Model 5 Analysis at Internal
Pressures of 145, 166, and 180 psig.

Factor for Displacements is 10
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APPENDIX A
LISTING OF MEMBRANE ANALYSIS PROGRAM

COMMON STRESS(10), STRAIN(10), NPTS

COMMON /OLD/ EPSHO,EPSVO,SHLO,SVLO,EPLO

COMMON /LINER/ E,.ET,ENU,D11,D12,YIELD

DIMENSION STIFF(2,2), PSI(2), SINV(2,2)

DATA NPTS/8/

DATA STRESS/0.,66.6E3,73.3E3,85.6E3,99.E3,0.,0.,0.,
* 0.,0./

DATA STRAIN/O.,2.1BE-3,1.18E-2,2.27E-2,4.61E-2,0.,0.,

* 0.0..0.7

DATA E/30.E8/,ET/.266E6/ ,ENU/.3/,YIELD/50.2E3/,TL/ .0625/
DATA NH/4/,NV/2/,ND/2/

DATA SH/.2222/.8V/.2222/,8D/.18/

DATA R/136.876/,ABAR/.2/,P1/3.14169/,TOL/.00001/,W/1.6E5/
OPEN(7, FILE="RDISP.NEU',STATUS='UNKNOWN'’

OPEN(8, FILE='HOOP.NEU' ,STATUS='UNKNOWN'

OPEN(9, FILE='VERT.NEU' ,STATUS='UNKNOWN'
OPEN(10,FILE="DIAG.NEU' ,STATUS='UNKNOWN'

OPEN(11 ,FILE="LVM.NEU' ,STATUS="'UNKNOWN')

OPEN(12,FILE='LHOOP' ,STATUS="UNKNOWN")
OPEN(13,FILE="'LMERID' ,STATUS="'UNKNOWN')

OPEN(14 ,FILE="EPLH.NEU’' ,STATUS="UNKNOWN"')
OPEN(1B6,FILE="EPLV.NEU’ ,STATUS="'UNKNOWN'
OPEN(16,FILE="EPLZ .NEU’ ,STATUS="UNKNOWN ")

OPEN(17 ,FILE="EPLO.NEU' ,STATUS="UNKNOWN')
WRITE(7,' (' 'BEGIN CURVE ,MDISPR'')"’)
WRITE(7,"{'*1,RADIAL DISPLACEMENT, MEMBRANE THEORY'')"')
WRITE(7, (' 'PRESSURE, PSI.'*)’)

WRITECY,.'(''R-DISP. - 1IX.°")")

WRITE(7,' a0, .0, :48..98"°2%)

WRITE(7, NOLOG,MOX0" ') ")

’
’
'

' '

(
(
(
(

WRITE(14,'(''BEGIN CURVE,EPLH'"')"’)

WRITE(14,'(''1 ,HORIZONTAL PLASTIC STRAIN - MEMBRANE THEORY'')')

WRITE(14,' (' 'PRESSURE, PSI."'')"')

WRITE(14,' (" "STRAIN'')")
(
(

WRITR(14.,.°0°'0..900..0..1..99'*)")
WRITE(14,'(’*NOLOG,MONO'"')")




WRITE(16,' (' 'BEGIN CURVE,EPLV'')"*)

WRITE(16,'(''1,VERTICAL PLASTIC STRAIN - MEMBRANE THEORY'')')
WRITE(16,' (' 'PRESSURE, PSI."'')")

WRITE(15,' (' "STRAIN'"')")

WRITE(18,°(**0.,200.,0.,1.,98°')"*)
WRITE(16, ' (' *NOLOG,MONO"'"')"*)

WRITE(16, ' (' 'BEGIN CURVE,EPLZ'')")
WRITE(16, ‘(' '1,PLASTIC STRAIN,THICKNESS - MEMBRANE THEORY'')*)
WRITE(16,' (' 'PRESSURE, PSI.'')")
WRITE(16,'(’''STRAIN'')")

WRITE(16,°(*'0.,200.,0.,1.,908°°)")
WRITE(16, ' (’'NOLOG,MONOD'")")

WRITE(17,
WRITE(17.

"("'BEGIN CURVE,EPLO'')’)
i

WRITE(17,"'(
(
(
g

"'1,EQUIVALENT PLASTIC STRAIN - MEMBRANE THEORY'')')
""PRESSURE, PSI.'')")

"*STRAIN'') ")

0. .000, 0. .3..08°3")

"NOLOG,MONOD"* ") ")

WRITE(17,
WRITE(17,'(’
WRITE(17,'(’
WRITE(8,'('"BEGIN CURVE,MHOOP'*)")

WRITE(8,'("''1,STRESS IN HOOP BARS, MEMBRANE THEORY'*) ')
WRITE(8, ' (' 'PRESSURE, PSI.'')")

WRITE(8,'(’'STRESS - PSI.'')"’)
WRITE(8,'("''0.,200.,0.,99.E3,93'*)")
WRITE(8, ' (''NOLOG,MONO'")")

WEITE(9, ' (' 'BEGIN CURVE,MVERT'')"*)

WRITE(9,'("''1,STRESS IN VERTICAL BARS, MEMBRANE THEORY'') ")
WRITE(O, ' (' 'PRESSURE, PSI.'*')")

WRITE(9,'(''STRESS - PSI.'')")
WRITE(9,'(''0.,200.,0.,99.E3,03"'")")
WRITE(9,'(''NOLOG,MONO'*)"*)

WRITE(10,°
WRITE(10,"
WRITE(10,’

BEGIN CURVE,MDIAG'')')
1,STRESS IN DIAGONAL BARS, MEMBRANE THEORY'')')
PRESSURE, PSI.'')")

WRITE(10,

: 0.,200.,0.,99.E3,93'")")
WRITE(10,"

NOLOG,MONO"' ') ")

(*
(e
("
WRITE(10,'(''STRESS - PSI.'')"')
(*
(*




O

(@]

Q

WRITE(11,' (' "BEGIN CURVE,MLINR'')")

WRITE(11,'(''1,VON MISES STRESS IN LINER, MEMBRANE THEORY'')"')
WRITE(11,' (' "PRESSURE, PSI."'')")

WRITE(11,'(''STRESS - PSI.'')")
WRITE(11,'(’*'0.,200.,0.,99.E3,93'")")
WRITE(11, ' (' 'NOLOG,MONO'")")

WRITE(12,' (' ""LINER HOOP"'')")
WRITE(13,'(''"LINER MERIDIONAL"'")"*)
P=W/ (PI R * R)+1.

RHI = 0.

RVI = 0.

EPSH = 0.

EPSD = 0.

EPSV = 0.

D11 = E / (1. - ENU*+2)

D12 = ENU * D11

DP = 2.

DO 30 WHILE (P LT. 210.)
PP+

Calculate applied stress resultants

RHE = P * R / ABAR

RVE = (P * R - W/ (PI * R)) / (2. * ABAR)
CONTINUE

Compute the tangent stiffness matrix

STIFF(1,1) = NH * SH * TMOD(EPSH) + .26 * ND * SD * TMOD(EPSD) +
* TL * D11 / ABAR

STIFF(1,2) = .26 * ND * SD * TMOD(EPSD) + TL * D12 / ABAR
STIFF(2,1) = STIFF(1,2)

STIFF(2,2) = NV * 8V * TMOD(EPSV) + .26 * ND * SD * TMOD(EPSD) +
* TL * D11 / ABAR

Invert the tangent stiffness matrix

DET = STIFF(1,1) * STIFF(2,2) - STIFF(1,2)%**2
SINV(1,1) = STIFF(2,2) / DET
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SINV(2,2) = STIFF(1,1) / DET
SINV(1,2) = -STIFF(1,2) / DET
SINV(2,1) = SINV(1,2)

Calculate residual and check for convergence

PSI(1) = RHI - RHE

PSI(2) = RVI - RVE

RNORM = SQRT( (PSI(1)*»%2 + PSI(2)%#2) / (RHE**2 + RVE**2) )
WRITE(*,2)P,EPSH,RNORM

FORMAT( * PRESSURE = ' ,E10.4,' HOOP STRAIN = ' E12.5,

* " RESIDUAL NORM. = ' ,E12.5)

IF (RNORM .LT. TOL)

* GO TO 10

Compute strain increments for current iteration

DEPSH = -(SINV(1,1) * PSI(1) + SINV(1,2) * PSI(2))
DEPSV = -(SINV(Z,1) #* PSI(1) + SINV(2,2) * PSI(2))
EPSH = EPSH + DE°SH

EPSV = EPSV + DE’SV

EPSD = .6 * (EPS{ + EPSV)

Calculate new internal stress resultants

CALL LINER (SHL,SVL,EPSH,EPSV,DEPL,EPLH,EPLV,EPLZ)

TOA = TL / ABAR

RHI = NH * SH *» SIG(EPSH) + .6 * ND * SD * SIG(EPSD) + TOA * SHL
RVI = NV % SV * SIG(EPSV) + .5 * ND * SD * SIG(EPSD) + TOA * SVL
GO TO 20

CONTINUE

Update values for strains, stresses, and plastic strain.

EPLO = EPLO + DEPL
EPSHO = EPSH

EPSVO = EPSV

SHLO = SHL

SVLO = SVL

Write stresses and radial displacement to data files.
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SVERT = SIG(EPSV)
SHORZ = SIG(EPSH)
SDIAG = SIG(EPSD)
RDISP = R * EPSH

SVML = SQRT( SHL * SHL - SHL * SVL + SVL * SVL )

WRITE(e,'('* SHL = °**,E12.8,'' BVL = ** ,E13.5,'' DEPL = '* E13.8,

*'" SVML = '' E12.5)')SHL,SVL,DEPL,SVML

WRITE(7,1) P,RDISP

WRITE(8,1) P,SHORZ

WRITE(9,1) P,SVERT

WRITE(10,1) P,SDIAG

WRITE(11,1) P,SVML

WRITE(12,1) P,SHL

WRITE(13,1) P,SVL

WRITE(14,1) P,EPLH

WRITE(16,1) P,EPLV

WRITE(16,1) P,EPLZ

WRITE(17,1) P,EPLO

FORMAT(E12.5,',' ,E12.5)

30 CONTINUE
WRITE (7,°'(’'END CURVE,MDISPR'')"')
WRITE (8,'(''END CURVE,MHOOP'')"')
WRITE (9,'(''END CURVE,MVERT'')')
WRITE (10,'(''END CURVE,MDIAG'')"')
WRITE (11,'(’'END CURVE,MLINR'")")
WRITE (12,'(''END CURVE,LHOOP'')"')
WRITE (13,'(''END CURVE,LMERID'')")
WRITE (14,'(''END CURVE,EPLH'')")
WRITE (15,'(’''END CURVE,EPLV'')")
WRITE (16,'(’''END CURVE,EPLZ'')"’)
WRITE (17,'('"END CURVE,EPLO'')")
STOP
END

—

FUNCTION SIG(EPS)

COMMON STRESS(10), STRAIN(10), NPTS
CALL SEARCH (EPS,I1,12)

EPS1 = STRAIN(I1)

EPS2 = STRAIN(I2)

SIG1 = STRESS(I1)




SIG2 = STRESS(I2)

SIG = SIG1 + (SIG2 - SIG1) / (EPS2 - EPS1) * (EPS - EPS1)
RETURN

END

FUNCTION TMOD(EPS)

COMMON STRESS(10), STRAIN(10) ,NPTS

CALL SEARCH (EPS,I1,I2)

TMOD = (STRESS(I2) - STRESS(I1)) / (STRAIN(I2) - STRAIN(I1))
RETURN

END

SUBROUTINE SEARCH (EPS,I1,I12)
COMMON STRESS(10), STRAIN(10), NPTS
DO 10 I = 1 NPTS
IF (EPS .GE. STRAIN(I) .AND. EPS .LT. STRAIN(I+1)) THEN
i1 =]
v G B8 G A |
GO TO 20
END IF
CONTINUE
WRITE (6,1)
FORMAT (' ERROR, MAXIMUM REBAR STRAIN EXCEEDED.')
WRITE (7,'(''END CURVE,MDISPR'')")
WRITE (8,'(’'"END CURVE,MHOOP'')"*)
WRITE (9,'(''END CURVE,MVERT'')"*)
WRITE (10, "END CURVE,MDIAG'’)"’)
WRITE (11,°'(''END CURVE,MLINR'')"')
WRITE (12,'(''END CURVE,LHOOP'')')
WRITE (13,'('°'END CURVE,LMERID'*)"’
WRITE (14,'(''END CURVE,EPLH'')"*)
WRITE (15,°'(’''END CURVE,EPLV'')")
‘2
)

)

WRITE (16,'(’'"END CURVE,EPLZ'’
'*END CURVE,EPLO'’

el alalalalala

WRITE (17,°
STOP

RETURN

END

SUBROUTINE LINER (SHL,SVL,EPSH,EPSV,DEPL,EPLH,EPLV,EPLZ)
COMMON /OLD/ EPSHO,EPSVO,SHLO,SVLO,EPLO
COMMON /LINER/ E,ET,ENU,D11,D12,YIELD
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) 7 & ~ BY)

late strain increments

DEPSH = EPSH - EPSHO
DEPSV = EPSV - EPSVO

Compute tri stress increments

DEPSH + DEPSV
DEPSH + D DEPSV
+ DSVL

DSHL

DSVL

SVLT

Compute trial deviatoric stresses

DEVHLT = SHLT
DEVVLT = SVLT

Calculate norm of tri deviatoric stress vector

SQRT( DEVHLT*%*2 + DEVVLT*x*2 +

e yileld surface size

YIELD

increment is elastic

N ( £ S TNARM
SQRT (1 5)*STNORM)

SHI1

il

VI

DEPL
RETURN
END IF

Scale the stresses back to the

SCALE = SIGBAR / (SQRT(1.5)




SCALE
SCALE

AT
o}

DEVHLT
DEVVLT

SVLO)

effective plastic strain

2NU) )

+ ENU)
change in deviatoric strains
DEPSH - DSIGKK / (9 ULK)
DEPSV - DSIGKK / (9. * BULK)
-DELEH
te change in riatoric stresses
JEVH E [ = {BHLC (SHLO SVLO) /

DEVV = DEVVLT SVLO - (SHLO + SVLO) /

~

Compute ‘ C 1 components

’LH =
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