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1. INITIAL ENTRIES

Scientific Note Book: # 759

Issued to: Fernando Ferrante

Issue Date: December 29, 2005

Printing Period:

Project Title: Reliability of Passive Structures, Systems and Components
 

 Project Staff: Asad Chowdhury (CNWRA), Fernando Ferrante (CNWRA), Amitava
Ghosh (CNWRA), Karol Hricisak (SwRI, Div. 18), Mahendra Shah
(NRC)

By agreement with the CNWRA QA, this notebook is to be printed every six months. This
computerized Scientific Notebook is intended to address the criteria of CNWRA QAP-001.

Qualification requirements for this project are: structural analysis, understanding of concrete
mechanical behavior, finite element analysis expertise, regulatory analysis pertaining to 10 CFR
Part 63 and non-linear structural analysis. Relevant expertise of the staff individuated for this
project: 

Asad Chowdhury: concrete, structural and regulatory analysis
Fernando Ferrante: structural analysis and probabilistic analysis
Amitava Ghosh: regulatory analysis
Karol Hricisak: finite element modeling and non-linear analysis
Mahendra Shah: structural and regulatory analysis

[Fernando Ferrante, December 29, 2005]

1.1 Objectives

Identify a path forward in developing examples to support an Interim Staff Guidance (ISG) on the
reliability of selected passive structures, systems and components (SSCs).

The ISG will be used as guidance to ensure that the reliability of passive SSCs is considered in
accordance to the review procedures in the Yucca Mountain Review Plan (YMRP) for identifying
Category 1 and Category 2 event sequences and SSCs important to safety. The examples are
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intended to illustrate a methodology to quantify the capacity of an SSC to perform its intended
safety functions under a specific event.

Due to variations in capacity and/or demands, the probability of failure of passive SSCs can be
considered using a probabilistic framework. The examples to be developed will concentrate on the
contribution of different uncertainties on the capacity of an SSC by assuming available statistical
information of the material properties of the specific component (i.e. reinforced concrete). 

The initial target SSC to be considered is a structural component: reinforced concrete shear wall.

[Fernando Ferrante, December 29, 2005]

1.2 Computers and Computer Codes

The computer code selected for the structural analysis is ANSYS Workbench Products Version
10.0. ANSYS is a general purpose finite element code capable of  mechanical and structural
analyses. The analysis is carried out using the computer systems given in the first entry of table 1-
1.

For the probabilistic analysis, MATLAB (Version 7.1.0.246 R14 Service Pack3, License Number
301039) is used to generate random numbers. MATLAB is a general purpose programming
environment, developed by MathWorks, suitable for the calculations required in this project.
MATLAB’s plotting capabilities will also be used to present results. MathCad, developed by
MathSoft (Version 2000 Professional) may also be used to check hand calculations, if deemed
necessary.

Table 1-1. Computers, operating systems, and compilers used.

Machine Name Machine Type Operating System Compiler Location

KHRICISAKXP Dell Precision
Workstation 770

Windows XP
Professional Service

Pack 2

Intel
Pentium 

Bldg. 77

GRIFFON PC Desktop Windows 2000 Intel
Pentium 

Bldg. 61

[Fernando Ferrante, January 4, 2006]

1.3 Summary

The uncertainty in the capacity of structural walls (e.g., shear walls) will be considered by assuming
probabilistic descriptions for the material properties of reinforcement steel and concrete. It is
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important to stress that the objective of the problem is to illustrate an approach in dealing with
randomness affecting the capacity only. Available studies on shear wall fragility analysis clearly
indicate that the uncertainty in loading conditions is much more significant when seismic loading
is considered (i.e., variations in frequency content, assumptions about damping, soil-structure
interaction, etcetera). The purpose of this example is to serve as a first step into identifying the
effect of the capacity uncertainty in the response of a single component, instead of the overall
variation in the component’s response due to all possible sources of uncertainty. Considering the
literature reviewed and the objectives above, the following detailed steps are suggested for the
analysis:

[Fernando Ferrante, January 4, 2006]

1.3.1 Level of Complexity of the Analysis

The depth in complexity of the analysis of reinforced concrete structures can vary from approximate
and highly case-specific simple formulae to advanced computational models that include fracture
mechanics, corrosion, and other forms of material degradation. Taking into consideration the
problem at hand, the analysis (of any SSC) is bounded by two issues: the level of detail required
to obtain a realistic assessment of the fragility and the computational cost that will be necessary
to perform an effective probabilistic calculation.

A fundamental step in the construction of fragility curves is the definition of a limit state at which the
component is no longer performing its expected structural function, i.e. failure. Since fragility
analysis considers the performance of the system as a whole3, an appropriate level of analysis
refinement has to be implemented in order to provide a more realistic assessment of failure
margins4. With this respect, the highly non-linear behavior of reinforced concrete has to be modeled
in order to reflect localized damage effects that occur beyond design basis, where the probability
of failure is to be estimated. It is known that codes and standards specific to structural components,
such as low-rise shear walls, provide overly conservative results and most closed-form models may
not be sufficient to predict the response in the range where the fragility curve is to be obtained. 

For these reasons, and also in order to avoid repeating simplified models previously derived, using
a finite element approach is deemed to be more suitable for this case. A review of available
literature for the analysis of shear walls with capacity variation only indicated that an existing model
already used by NRC (NUREG/CR-67155) is well-suited for the purposes indicated above. It has
the capability of including localized effects due to plasticity and cracking, and has already been
used in a probabilistic framework via fragility analysis. A summary of this approach is available in
Braverman et al6.

[Fernando Ferrante, January 4, 2006]

1.3.2 Selection of Material Properties
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Again, given that loading variation is not considered, a probabilistic description of material property
variability in concrete and reinforcement steel (as the only source of uncertainty) was
reviewed6,7,8,9,10 . It was found that there is reasonable consensus on the distribution, mean, and
coefficient of variation for the mechanical properties of both materials. This consensus is built
around extensive studies developed by Ellingwood, Galambos, McGregor, Cornell and others in
the 1980s. In particular, MacGregor et al9 is a key reference. These parameters were revisited for
nuclear facilities and adapted for the degradation analysis of concrete structures performed in
NUREG/CR-6715.

Since a static non-linear analysis is to be proposed below, the concrete values are assumed to be
those of a 28-day in-situ strength under static load conditions5. This implies adjusting the original
values in reference 9 to the specific values above, according to the assumptions made in
NUREG/CR-6715 (a similar approach is applied to reinforcement properties). In the absence of site
specific batch-sampling for concrete or reinforcement properties to be used in the repository, the
parameters below are assumed to be the best estimates for a probabilistic analysis. It is important
to note here that the extent of the uncertainty in the material properties  is low when compared to
other parameters included in seismic probabilistic risk assessment (PRA) fragility studies and
seismic margin analysis (SMA) applied to shear walls. But, as identified previously, the objective
of the study is to include variation in capacity only, for which the input parameters are shown below.

Table 1-2: Statistical variation in concrete material properties

Concrete Material
Property

Mean Coefficient of
Variation

Distribution
Type

Compressive Strength,
fc’

4400 psi
(30338 kPa)

0.16 Normal

Tensile Strength,
ft

475 psi
(3275 kPa)

0.18 Normal

Young’s Modulus,
Ec

3834 ksi
(26435 MPa)

0.18 Normal

Table 1-3: Statistical variation in reinforcement (steel bar) material properties

Reinforcement Material
Property

Mean Coefficient of
Variation

Distribution
Type

Yield Strength 
(Grade 60), fy

71 ksi
(490 MPa)

0.10 Lognormal

Young’s Modulus,
Es

29000 ksi
(200 GPa)

0 -

[Fernando Ferrante, January 4, 2006]
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1.3.3 Generation of Random Material Property Samples 

The generation of samples of material properties samples is achieved via stochastic simulation
methods. Two potential approaches are immediately available for input into the structural model.
If a simplified analysis is chosen, a Monte Carlo routine can be performed, where random samples
of the pre-defined probability distributions in Tables 1-2 and 1-3 are obtained. A more complex
analysis will be more computationally expensive as well. This may, in turn, limit the amount of data
that can be generated, due to restrictions on time and resources available.

In such cases, an alternative to the brute-force Monte Carlo method is to implement a Latin
Hypercube Sampling (LHS) technique2, in which variance reduction is achieved by optimization of
the sampling population. Such a routine can be implemented as an input to the pre-processing
phase of the analysis outside of the FEM. To this end, a routine is to be implemented in MATLAB,
taking advantage of this program’s random number generator.

[Fernando Ferrante, January 5, 2006]

1.3.4 Selection of Geometric Parameters

The geometric description of the shear wall to be used in the analysis is expected to be
representative of the type of shear walls that may be used at the potential YM repository. This
includes overall dimensions (height, length and thickness), as well as the placement and type of
reinforcement used (i.e. grade and number). NUREG/CR-6715 provides a simple model that is
assumed to be representative of shear walls used in nuclear facilities: short (or squat) walls.
Dimensions used in NUREG/CR-6715 are 20 ft height, 20 ft length and 2 ft thickness. While these
values are expected to be exactly the same, confidence in the results of the analysis can be
validated for this configuration first, and then used for different aspect ratios that are closer to the
dimensions expected at the potential YM repository. 

[Fernando Ferrante, January 5, 2006]

 
1.3.5 Definition of Limit State

The identification of a limit state is a crucial step, as mentioned above, since the fragility model is
built around this definition. Using displacement-based failure limits seems to be a consensus in
fragility assessment of concrete structures3. In particular, a parameter believed to be sufficient for
the model proposed here is the drift ratio measured in terms of the lateral displacement to story
height of the structure being analyzed. The simplicity of this parameter is convenient when
nonlinear analysis is performed, although defining a suitable value at which the shear wall is
assumed to no longer perform its intended function needs to be evaluated carefully.
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Suggested values of drift ratio at which limit states can be set are traditionally given in terms of
performance requirements (i.e. serviceability, structural damage, collapse). These values depend
highly on engineering judgement and can vary depending on the specific component being
analyzed.

[Fernando Ferrante, January 5, 2006]

1.3.6 Loading Conditions

The shear wall model will be loaded laterally (in-plane) at the top of the wall, and gravity loads will
also be added. The uniform load at the top of the wall will be increased incrementally in order to
obtain the load-deflection characteristics. Depending on the performance requirement chosen, the
load corresponding to the limit state deformation can be obtained. 

[Fernando Ferrante, January 5, 2006]

1.3.7 Boundary Conditions

The boundary condition of the bottom nodes in the FEM shear wall model will be assumed as fixed
for simplicity.

[Fernando Ferrante, January 5, 2006]

1.3.8 FEM Package

Several commercial finite element packages include models specifically developed for the analysis
of reinforced concrete modeling. Differences between various software depend on the choice of
assumptions for the material model used. The ANSYS software was chosen for the analysis. The
concrete model in ANSYS is implemented using a brick element (“SOLID65") that has the capability
of modeling the non-linear behavior of the material, including cracking and plasticity. The concrete
and steel models provided in NUREG/CR-67155 will be assumed in the initial steps of the analysis.
The behavior of concrete will be approximated using a uniaxial stress-strain relationship.
Reinforcement bars are included as line elements with elastic-perfectly plastic behavior.

[Fernando Ferrante, January 5, 2006]

1.3.9 Fragility Analysis

The construction of the fragility curves will require the integration of all the previous steps to obtain
the probability of failure for the shear wall model. This is derived as a lognormal cumulative
distribution assumed for the conditional probability of failure of the shear wall, given with respect
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to a uniform load and a prescribed limit state in terms of overall inelastic deformation. Fragility
assessment has been used extensively in nuclear applications and a summary of the methodology
is described in EPRI’s “Methodology for Developing Seismic Fragilities”2. Statistics on the load
corresponding to the limit state chosen are evaluated and the median and lognormal standard
deviation and the fragility curve is obtained for the lognormal cumulative distribution. Since the
values of uncertainty in the material properties provided in Tables 1-2 and 1-3 are considerably low,
it is expected that this approximation will be reasonable. If other sources of uncertainty are included
(e.g., in the demand), this assumption will have to be revised.

[Fernando Ferrante, January 6, 2006]

2. IN-PROCESS ENTRIES

2-1 Geometric parameters for potential YM repository Shear Wall

As transmitted from Mahendrah Shah: 100 ft height x 400 ft length x 4 ft thickness.

[Fernando Ferrante, January 6, 2006]

2-2 QA Indoctrination of Karol Hricisak

SwRI staff member Karol Hricisak (from Division 18) attended mandatory Quality Assurance
indoctrination procedure required for contractors that perform work for CNWRA. This QA
indoctrination was performed January 6th by Robert Brient. 

[Fernando Ferrante, January 6, 2006]

2- 3 Beam FEM Model

Cantilever Beam – Reproduction of the analysis documented in “Degradation Assessment of
Structures and Passive Components at Nuclear Power Plants”.  

Beam 
- 2’ x 20’ x 13’ (due to symmetry)
- Reinforced concrete
- Rebar

1.15 #8 (top portion of the beam)
1.23 #8 (full length of the beam, bottom of the beam)
1.3Stirrups, #4
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Elements 
- Concrete modeled as SOLID65
- Rebar modeled as LINK8

Material Properties
- Concrete - EX = 3.8E6 psi

- NUXY = 0.2
- Uniaxial stress-strain relationship according to Hognestad’s formulation (Park

and Paulay 1975).  Strain-Stress correlation is represented by 10 input points:

TBPT,, 1E-6,3.799
TBPT,, 500E-6,1674
TBPT,, 750E-6,2342
TBPT,,1000E-6,2897.5
TBPT,,1250E-6,3339.8
TBPT,,1500E-6,3669
TBPT,,1750E-6,3886
TBPT,,2000E-6,3990
TBPT,,3000E-6,4000
TBPT,,4000E-6,4000
*Strain in in/in, stress in psi.  

- Rebar - EX = 29E6 psi
- NUXY = 0.3
- #8 cross-section, A = 0.79 in2
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- #4 cross-section, A = 0.20 in2

FEA Model 
FEA model is build according to ‘Degradation Assessment of Structures and Passive
Components at Nuclear Power Plants’.  

Model is generated by creating a block of a given dimension (2’ x 20’ x 13’).  Coordinate system
is as follows: thickness (depth) is in X-direction, height is in Y-direction, and length is in Z-
direction.  

[Karol Hricisak, January 9, 2006]

2- 4 Beam FEM Model

There are 46 elements along Z-axis and 8 elements along Y-axis, and 6 elements along
X-axis.  The axial and vertical deflections are restrained at the fixed end of the beam
and the vertical deflections are restrained at the simple support.  The reinforcement is
placed on the outer surface of the beam at 3 in. down from the top for the negative
reinforcement and at 3 in. up from the bottom for the positive reinforcement.  Shear
reinforcement is placed along the first set of nodes in from each support and then along
every other set of nodes except in those central portions of the beam where no shear
reinforcement is required.  

Cracking (at the tensile strength) and crushing (at the failure compressive strain)
behavior is considered in the solution.  The ANSYS model also allows the user of the
program to prescribe shear transfer coefficients for open and closed cracks that may
develop during the analysis.  These shear transfer coefficients correspond to the
stiffness along cracks and are represented as a fraction of the stiffness in the uncracked
material (from 0.0 to 1.0).  For this analysis the shear transfer coefficient was set to 0.5
(50 % shear stiffness) for an open crack and 1.0 (100% shear stiffness) for a closed
crack.  No tensile stress can be transmitted across cracks, but compressive stress can
be transmitted after cracks close.  

The steel reinforcement is modeled discretely with spar elements.  
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[Karol Hricisak, January 13, 2006]
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2- 5 Beam FEM Model

Loading
Uniform load intensity is gradually ramped up to 6.5 kips/ft.  The load is incremented into the
smaller load steps depending on the total number of steps.  Each incremented load is applied to
the top surface of the beam.  This is achieved by dividing each incremented load by a number of
nodes on the top surface (329 nodes) and applying it at each node of the surface.  

[Karol Hricisak, January 20, 2006]

2- 6 Beam FEM Model

The model has converged and the solution was obtained using the following convergence
criteria:

Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=100 !number of steps
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kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.1,1,5
CNVTOL,U,,0.05,1,10
*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
Solve
*enddo
r,11,.1, , , ,450
solve
r,11,.1, , , ,400
solve
r,11,.1, , , ,350
solve
r,11,.1, , , ,300
solve
r,11,.1, , , ,250
solve
r,11,.1, , , ,200
solve
r,11,.1, , , ,150
solve
r,11,.1, , , ,100
solve
r,11,.1, , , ,50
solve
r,11,.1, , , ,0
solve

An elastic foundation is introduced to the bottom layer of nodes with a stiffness of 500 psi and
thickness of 0.1 in.  Elastic foundation provides additional strengthening of the model at the
location of maximum deformation and hence, making the convergence of the model easier to
achieve.  Elastic foundation is only used through the incremental loading of the beam up to the
desired total load of 6.5 kips/ft.  This foundation is later removed after the total load has been
applied.  The removal of the elastic foundation is accomplished in 10 steps by decreasing its
modulus to 0 psi and subsequently resolving the model.  

The following results are obtained:
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[Karol Hricisak, January 30, 2006]
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2- 7 Development of additional steps for ISG 

Per request by Mahendra Shah (NRC), an example on how to obtain an empirical CDF from
data was developed to support the following section of the ISG:

“Step 4:   Repeat the analysis performed in Step 3 by changing value of each of the strength
variables and determine the capacity and associated failure probability. The resulting capacity
values and associated failure probability values then can be used to plot the fragility curve for
the SSC.  This process can be implemented using Monte Carlo simulation method in a
computer software, such as ANSYS. ...”

To this end, a simple set of steps require to obtain the CDF based on order statistics is
described below in simple language for an audience that is not expected to be fully familiar with
probability concepts:

1. To construct Empirical CDF (Cumulative Distribution Function):

a. Obtain initial value of the failure probability value x(1) using median values of the strength
variables, where the superscript refers to the first run

b. Change the strength value of one of the strength variables to obtain another value x(1), where
j is the run number. Store values generated (i.e. x = [x(1) x(2) ...])

c. Sort values in ascending order x1 ˜ x2 ˜... ˜ xi  ˜... ˜ xn, where i is the ith value in ascending
order and n is the total number of values generated

d. Assign order statistics to the data according to the ratio:

FX(x) = # values that are less than x (1)
              total number of values n

e. Repeat steps 2 to 4 to increase sample size n 
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The second set of steps emphasizes the concepts above, as a set of instructions on how to plot 
the CDF so that the graph accurately reflects the statistical requirements of cumulative
distribution functions:

2. To plot the CDF:

a. Values of FX(x1) = P[X < x1] are assigned as zero. Note that P[X < x1] = 0, however P[X ˜ x1] =
1/n

b. Add increasing steps where FX(xi) = P[X < xi] (according to Equation 1) defined between xi ˜
X < xi+1 to create a stairstep function of the CDF

c. Plot xi in the x-axis versus FX(xi) in the y-axis 

[Fernando Ferrante, January 31, 2006]

2- 8 Beam FEM Model

RUN #1 - Additional results are needed to validate the previous results.  The number of steps to
apply the total distributed load of 6.5 kips/ft is decreased to 20.  The convergence criteria for
force and displacement are held to a tighter tolerances CNVTOL,F,,0.05,,0.05 and
CNVTOL,U,,0.05,,0.0003.  

Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=20 !number of steps
kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.05,,0.05
CNVTOL,U,,0.05,,0.0003
*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
Solve
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*enddo

r,11,.1, , , ,450
solve
r,11,.1, , , ,400
solve
r,11,.1, , , ,350
solve
r,11,.1, , , ,300
solve
r,11,.1, , , ,250
solve
r,11,.1, , , ,200
solve
r,11,.1, , , ,150
solve
r,11,.1, , , ,100
solve
r,11,.1, , , ,50
solve
r,11,.1, , , ,0
solve

Comments:
The model did not converge.  From the ‘monitor’ file can be concluded that the process of
ramping the load is successful, therefore the convergence tolerances are appropriate to given
number of steps (NOS).  The problem arises when the elastic foundation is being slowly
removed by decreasing its modulus of elasticity.  

RUN #2 - The number of steps to remove the elastic foundation is increased from 10 to 19 to
help the convergence.  

Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=20 !number of steps
kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.05,,0.05
CNVTOL,U,,0.05,,0.0003



Fernando Ferrante SCIENTIFIC NOTEBOOK #759E INITIALS: FF

[18]

*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
Solve
*enddo

r,11,.1, , , ,450
solve
r,11,.1, , , ,425
solve
r,11,.1, , , ,400
solve
r,11,.1, , , ,375
solve
r,11,.1, , , ,350
solve
r,11,.1, , , ,325
solve
r,11,.1, , , ,300
solve
r,11,.1, , , ,275
solve
r,11,.1, , , ,250
solve
r,11,.1, , , ,225
solve
r,11,.1, , , ,200
solve
r,11,.1, , , ,175
solve
r,11,.1, , , ,150
solve
r,11,.1, , , ,125
solve
r,11,.1, , , ,100
solve
r,11,.1, , , ,75
solve
r,11,.1, , , ,50
solve
r,11,.1, , , ,25
solve
r,11,.1, , , ,0
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solve

Comments:
The model did not converge.  From the ‘monitor’ file can be concluded that the process of
ramping the load is successful, therefore the convergence tolerances are appropriate to given
number of steps (NOS).  The problem arises when the elastic foundation is being slowly
removed by decreasing its modulus of elasticity.  

RUN #3 - The number of steps to remove the elastic foundation is increased from 19 to 22 to
help the convergence.  The last part (50-to-0 psi) of the elastic foundation is refined.  

Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=20 !number of steps
kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.05,,0.05
CNVTOL,U,,0.05,,0.0003
*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
Solve
*enddo

r,11,.1, , , ,450
solve
r,11,.1, , , ,425
solve
r,11,.1, , , ,400
solve
r,11,.1, , , ,375
solve
r,11,.1, , , ,350
solve
r,11,.1, , , ,325
solve
r,11,.1, , , ,300
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solve
r,11,.1, , , ,275
solve
r,11,.1, , , ,250
solve
r,11,.1, , , ,225
solve
r,11,.1, , , ,200
solve
r,11,.1, , , ,175
solve
r,11,.1, , , ,150
solve
r,11,.1, , , ,125
solve
r,11,.1, , , ,100
solve
r,11,.1, , , ,75
solve
r,11,.1, , , ,50
solve
r,11,.1, , , ,40
solve
r,11,.1, , , ,30
solve
r,11,.1, , , ,20
solve
r,11,.1, , , ,10
solve
r,11,.1, , , ,0
solve

[Karol Hricisak, January 31, 2006]
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2- 9 Draft ISG Schedule for Reliability of Passive Components

As transmitted verbally to Amit Ghosh:

Draft: completed
Review by HLW Staff: 15th Feb, 2006
SIR Team Reviews: 15th March, 2006
HLW Board: 15th April, 2006
Interaction with DOE Start: 15th May, 2006
Interaction with DOE Finish: 15th June, 2006
Issuance for Public Comments: 15th August, 2006
Comment Period (receive comments: 15th September, 2006
Issue Final: 15th December, 2006

[Fernando Ferrante, January 31, 2006]

2-10 Development of examples for additional steps for ISG

Two specific examples illustrates how to obtain an empirical CDF. The first one deals with a few
sampled values of a standard normal distribution (i.e. mean zero, unit variance) which can be
compared to a theoretical result. This takes advantage of MATLAB’s ‘randn’ function which
generates pseudo-random values: 

Example 1

In order to obtain the empirical CDF for a random number generator that produces samples of a
standard normal distribution (i.e. zero-mean, unit variance), the following results are obtained for
10 samples first:

1. Assume random values generated are: 

x = [0.53    2.62    1.35    0.26   -1.93    0.33    0.62   -0.83    0.66    0.03]

2. Sort values in ascending order:

x = [-1.93   -0.83    0.03    0.26    0.33    0.53    0.62    0.66    1.35    2.62]

3. Initial value x1 corresponds to P[X < -1.93] = 0

4. Calculate all empirical CDF values according to Equation 1 for each step xi ˜ X < xi+1

5. Plot result (blue line) versus the target CDF values (available in literature) for a standard
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normal distribution (blue line):

Note that, by increasing the sample size to n = 1000, the empirical CDF approaches the
theoretical standard normal distribution, as shown below.

A second example for the ISG is an extension of the first one to illustrate a case where the input
random variables into a specific problem result in an output that cannot be easily approximated
(i.e. through simple assumptions for the mean, standard deviation and distribution). This relates
to the shear wall problem in the sense that the relationship between the random variables
affecting the structural response cannot be easily derived without considerable approximation. 

Example 2

In the previous example, the theoretical target CDF is known. This is not always the case when
calculating problems in which the resulting random process is a function X = f(Y1,Y2,...) of
several random variables Yi whose individual contributions and/or inter-dependencies are not
known with absolute certainty. For illustration, a considerably simplified problem is presented
here. 

It is assumed that a specific form of X = f(Y1,Y2,...) can be defined as X = Y1 @exp(Y1)½ - Y2,
where Y1 and Y2 are independent random variables. Furthermore, it is assumed that Y1 is
normally distributed with zero-mean and unit-variance (i.e. follows a standard normal
distribution) and Y2 is lognormally distributed with unit median and lognormal standard deviation
equal to 0.5. 

Since the relationship X = f(Y1,Y2) is known with specific distributions for both Y1 and Y2, it is
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possible to generate large number of samples and obtain the CDF numerically through the
equation X = Y1 @exp(Y1)½ - Y2:

1. Random values are generated for Y1,Y2 with the parameters described above
2. Compute X = Y1 @exp(Y1)½ - Y2
3. Follow the steps to construct empirical CDF’s for Y1,Y2 and X1
4. Plot result for FX(x) (solid black line), FY1(y1) (red line) and FY2(y2) (blue line). 

Also, the theoretical result for a normal distribution with mean and standard deviation
corresponding to the estimated mean and standard deviation of X is plotted (dashed black line)
for comparison. In this case, this parameters were found to be: mean(x) = 2.5051 and std(x) =
4.029. Note that the CDF of X does not closely follow either a normal distribution with equivalent
parameters nor a lognormal distribution (since it exhibits negative values at the lower tail). In
practical situations, further complexity may be added if the relationship X = f(Y1,Y2,...) cannot be
derived explicitly and if the random variables serving as input to the problem are also expected
to be related in some unknown form. On top of this, the number of samples may be
considerably limited due to a variety of reasons such as unavailable data and/or high
computational/experimental costs. 

[Fernando Ferrante, February 1, 2006]

2- 11 Justifications for two-parameter lognormal CDF in Fragility Curves from (Literature) 



Fernando Ferrante SCIENTIFIC NOTEBOOK #759E INITIALS: FF

[24]

This was also written by request of Mahendra Shah (NRC) as a summary of why the two-
parameter lognormal CDF is assumed in the construction of fragility curves. 

 The use of a two-parameter lognormal distribution to model the fragility curves has its
background in uncertainty quantification studies in seismic analysis. According to work
performed by Shinozuka et al11, for example, the following is found:

“Two-parameter lognormal distribution functions were traditionally used for fragility curve
construction. This was motivated by its mathematical convenience in relating the actual
structural strength capacity with the design strength primarily through a seismic factor of safety,
which can be factored into a number of multiplicative safety factors, each associated with a
specific source of randomness and/or uncertainty. When the lognormal assumption is made for
each of these factors, the overall seismic safety factor also distributes lognormally due to the
multiplicative reproducibility of the lognormal variables.”   (Page 1224)

The capacity-design strength relationship is based on a description of the peak ground
acceleration for failure of a structure or component based on A = F@Adesign, with: 

F = FS@F:@FSA@F*@FM@FMC@FEC@FSD@FSS

where F is composed of a series of factors influencing the response variability12. Clearly, if each
of this parameters are assumed to be lognormally distributed, then A and F will also follow the
same distribution. This results from taking:

ln(F) = ln(FS@F:@...@FSS) = ln(F:) + ln(FRS) + ... + ln(FSSI)

By the central limit theorem, the summation of a large number of independent random variables
tends to a normal distribution. If each of the factors above is assumed to be lognormally
distributed (i.e., ln(F:), ln(FRS), ... , ln(FSSI) normally distributed); then ln(F) also has a normal
distribution and, hence, F is lognormally distributed). 

[Fernando Ferrante, February 1, 2006]

2-12 Beam FEM Model
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CANTILEVER6 - The number of steps to remove the elastic foundation is increased from 19 to
22 to help the convergence.  The last part (50-to-0 psi) of the elastic foundation is refined.  The
load applied is 6.5 kips/ft.  Below is the code used for the solver section of the script.  

Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=100 !number of steps
kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.05,,0.05
CNVTOL,U,,0.05,,0.0003
*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
Solve
*enddo

r,11,.1, , , ,450
solve
r,11,.1, , , ,425
solve
r,11,.1, , , ,400
solve
r,11,.1, , , ,375
solve
r,11,.1, , , ,350
solve
r,11,.1, , , ,325
solve
r,11,.1, , , ,300
solve
r,11,.1, , , ,275
solve
r,11,.1, , , ,250
solve
r,11,.1, , , ,225
solve
r,11,.1, , , ,200
solve
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r,11,.1, , , ,175
solve
r,11,.1, , , ,150
solve
r,11,.1, , , ,125
solve
r,11,.1, , , ,100
solve
r,11,.1, , , ,75
solve
r,11,.1, , , ,50
solve
r,11,.1, , , ,40
solve
r,11,.1, , , ,30
solve
r,11,.1, , , ,20
solve
r,11,.1, , , ,10
solve
r,11,.1, , , ,0
solve

Figure 1; Displacement monitoring per load step (1)
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-The solution did not converge.  The last convergence is achieved at the load step number 120
with a 17 SUBSTEPS.  The maximum deflection (MxDs) is 0.39997 inches.  

CANTILEVER7 – The modulus of elasticity for the elastic foundation is decreased to 250 psi. 
The number of steps to remove the elastic foundation is increased 28 to help the convergence. 
The last part (50-to-0 psi) of the elastic foundation is refined.  The load applied is 6.5 kips/ft. 
Below is the code used for the solver section of the script.  

Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=100 !number of steps
KBC,0
AUTOTS,ON
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NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.05,,0.05
CNVTOL,U,,0.05,,0.0003

*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
SOLVE
*enddo

save

r,11,.1, , , ,225
solve
r,11,.1, , , ,200
solve
r,11,.1, , , ,175
solve
r,11,.1, , , ,160
solve
r,11,.1, , , ,145
solve
r,11,.1, , , ,130
solve
r,11,.1, , , ,115
solve
r,11,.1, , , ,100
solve
r,11,.1, , , ,90
solve
r,11,.1, , , ,80
solve
r,11,.1, , , ,70
solve
r,11,.1, , , ,60
solve
r,11,.1, , , ,50
solve
r,11,.1, , , ,40
solve
r,11,.1, , , ,35
solve
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r,11,.1, , , ,30
solve
r,11,.1, , , ,25
solve
r,11,.1, , , ,20
solve
r,11,.1, , , ,15
solve
r,11,.1, , , ,13
solve
r,11,.1, , , ,11
solve
r,11,.1, , , ,9
solve
r,11,.1, , , ,7
solve
r,11,.1, , , ,5
solve
r,11,.1, , , ,3
solve
r,11,.1, , , ,2
solve
r,11,.1, , , ,1
solve
r,11,.1, , , ,0
solve
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Figure 2; Displacement monitoring per load step (2)

-The solution did not converge.  The last convergence is achieved at the load step number 118
with a 1 SUBSTEPS and 8 ITERATIONS.  The maximum deflection (MxDs) is 0.40187 inches.  

CANTILEVER8 – The model is left same as in CANTILEVER7.  Smaller increments are taken to
‘remove’ the elastic foundation.  Below is the code used for the restarted solver section of the
script.  

Script:
!***************************
/SOLU
ANTYPE,,REST

r,11,.1, , , ,15
solve
r,11,.1, , , ,13
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solve

r,11,.1, , , ,11
solve
r,11,.1, , , ,9
solve
r,11,.1, , , ,7
solve
r,11,.1, , , ,5
solve
r,11,.1, , , ,3
solve
r,11,.1, , , ,2
solve
r,11,.1, , , ,1
solve
r,11,.1, , , ,0
solve

Figure 3; Deflection monitoring per load step (1)
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-The solution did not converge due to Force (variable).  The last convergence is achieved at the
load step number 130 with 6 SUBSTEPS.  The maximum deflection (MxDs) is 0.48684 inches.  

Figure 4; Crushing/Cracking of concrete elements(1)
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Figure 5; Beam deflection (1)
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Figure 6; Axial stress in Z-direction (SZ) (1)

CANTILEVER9 – The modulus of elasticity for the elastic foundation is increased back to 500
psi.  The number of steps to apply the uniformly distributed load is 20 (NOS).  The number of
steps to remove the elastic foundation is increased 28 to help the convergence.  The load
applied is 6.5 kips/ft.  Below is the code used for the solver section of the script.  

Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=20 !number of steps
KBC,0
AUTOTS,ON
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.05,,0.05
CNVTOL,U,,0.05,,0.0003
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*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
SOLVE
*enddo
r,11,.1, , , ,450
solve
r,11,.1, , , ,400
solve
r,11,.1, , , ,350
solve
r,11,.1, , , ,300
solve
r,11,.1, , , ,275
solve
r,11,.1, , , ,250
solve
r,11,.1, , , ,225
solve
r,11,.1, , , ,200
solve
r,11,.1, , , ,180
solve
r,11,.1, , , ,160
solve
r,11,.1, , , ,140
solve
r,11,.1, , , ,120
solve
r,11,.1, , , ,100
solve
r,11,.1, , , ,80
solve
r,11,.1, , , ,60
solve
r,11,.1, , , ,40
solve
r,11,.1, , , ,30
solve
r,11,.1, , , ,20
solve
r,11,.1, , , ,15
solve
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r,11,.1, , , ,13
solve
r,11,.1, , , ,11
solve
r,11,.1, , , ,9
solve
r,11,.1, , , ,7
solve
r,11,.1, , , ,5
solve
r,11,.1, , , ,3
solve
r,11,.1, , , ,2
solve
r,11,.1, , , ,1
solve
r,11,.1, , , ,0
solve

Figure 7; Deflection monitoring per load step (4)

-The solution did not converge due to Force (variable).  The last convergence is achieved at the
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load step number 35 with 17 SUBSTEPS.  The maximum deflection (MxDs) is 0.29973 inches.  

[Karol Hricisak, February 1, 2006]
 

2-13 Beam FEM Model

CANTILEVER10 - The modulus of elasticity for the elastic foundation is set to 400 psi. The
number of steps to apply the uniformly distributed load is 50 (NOS). The number of steps to
remove the elastic foundation is increased 28 to help the convergence. The load applied is 6.5
kips/ft.  Below is the code used for the solver section of the script.  

Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=50 !number of steps
KBC,0
AUTOTS,ON
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.05,,0.05
CNVTOL,U,,0.05,,0.0003

*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
SOLVE
*enddo

r,11,.1, , , ,375
solve
r,11,.1, , , ,350
solve
r,11,.1, , , ,325
solve
r,11,.1, , , ,300
solve
r,11,.1, , , ,275
solve
r,11,.1, , , ,250
solve
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r,11,.1, , , ,225
solve
r,11,.1, , , ,200
solve
r,11,.1, , , ,180
solve
r,11,.1, , , ,160
solve
r,11,.1, , , ,140
solve
r,11,.1, , , ,120
solve
r,11,.1, , , ,100
solve
r,11,.1, , , ,80
solve
r,11,.1, , , ,60
solve
r,11,.1, , , ,40
solve
r,11,.1, , , ,30
solve
r,11,.1, , , ,20
solve
r,11,.1, , , ,15
solve
r,11,.1, , , ,13
solve
r,11,.1, , , ,11
solve
r,11,.1, , , ,9
solve
r,11,.1, , , ,7
solve
r,11,.1, , , ,5
solve
r,11,.1, , , ,3
solve
r,11,.1, , , ,2
solve
r,11,.1, , , ,1
solve
r,11,.1, , , ,0
solve
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Figure 8; Deflection monitoring per load step (5)

 
-The solution did not converge due to Force (variable).  The last convergence is achieved at the
load step number 61 with 5 SUBSTEPS.  The maximum deflection (MxDs) is 0.20020 inches.  

CANTILEVER11 - The modulus of elasticity for the elastic foundation is set to 500 psi.  The
number of steps to apply the uniformly distributed load is 100 (NOS).  The number of steps to
remove the elastic foundation is increased 11.  The convergence criteria for the FORCE is
loosened CNVTOL,F,,0.1,,5.  The load applied is 6.5 kips/ft.  Below is the code used for the
solver section of the script.  

Script:
!***************************
/SOLU 
ANTYPE,STATIC
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NOS=100 !number of steps
kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.1,,5
CNVTOL,U,,0.05,,0.0005
*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
Solve
*enddo

r,11,.1, , , ,450
solve
r,11,.1, , , ,400
solve
r,11,.1, , , ,350
solve
r,11,.1, , , ,300
solve
r,11,.1, , , ,250
solve
r,11,.1, , , ,200
solve
r,11,.1, , , ,150
solve
r,11,.1, , , ,100
solve
r,11,.1, , , ,50
solve
r,11,.1, , , ,25
solve
r,11,.1, , , ,0
solve

Figure 9; Deflection monitoring per load step (6)
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-The solution did not converge due to Force (variable).  The last convergence is achieved at the
load step number 110 with 1 SUBSTEP and 7 ITERATIONS.  The maximum deflection (MxDs)
is 0.49113 inches.  



Fernando Ferrante SCIENTIFIC NOTEBOOK #759E INITIALS: FF

[42]

Figure 10; Crushing/Cracking of concrete elements (2)

Figure 11; Deflection of the beam (1)
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CANTILEVER12 - The modulus of elasticity for the elastic foundation is set to 500 psi.  The
number of steps to apply the uniformly distributed load is 100 (NOS).  The number of steps to
remove the elastic foundation is increased 11.  The convergence criteria for the FORCE is
loosened CNVTOL,F,,0.1,,5.  The load applied is 6.5 kips/ft.  Additional symmetry constraints: 
NSEL,S,LOC,X,0
D,ALL,UX,0

Below is the code used for the solver section of the script.  

Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=100 !number of steps
kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.1,,5
CNVTOL,U,,0.05,,0.0005
*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
Solve
*enddo

r,11,.1, , , ,450
solve
r,11,.1, , , ,400
solve
r,11,.1, , , ,350
solve
r,11,.1, , , ,300
solve
r,11,.1, , , ,250
solve
r,11,.1, , , ,200
solve
r,11,.1, , , ,150
solve
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r,11,.1, , , ,100
solve
r,11,.1, , , ,50
solve
r,11,.1, , , ,25
solve
r,11,.1, , , ,0
solve

Figure 12; Deflection monitoring per load step (2)

 
-The solution did converge due to Force (variable).  The last convergence is achieved at the
load step number 111 with 17 SUBSTEPS.  The maximum deflection (MxDs) is 0.48653 inches. 
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Figure 13; Crushing/Cracking of concrete elements (3)

Figure 14; Deflection of the beam (2)
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Figure 15; Axial stress in Z-direction (SZ) (2)

Figure 16; Axial stress in the reinforcement members

 
[Karol Hricisak, February 2, 2006]
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2-14 Beam FEM Model

CANTILEVER13 - The modulus of elasticity for the elastic foundation is set to 500 psi.  The
number of steps to apply the uniformly distributed load is 100 (NOS).  The number of steps to
remove the elastic foundation is increased 17 to help the convergence.  The load applied is 8.5
kips/ft.  Additional symmetry constraints: 
NSEL,S,LOC,X,0
D,ALL,UX,0

Below is the code used for the solver section of the script.  
Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=100 !number of steps
kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.1,,5
CNVTOL,U,,0.05,,0.0005
*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
Solve
*enddo

r,11,.1, , , ,450
solve
r,11,.1, , , ,400
solve
r,11,.1, , , ,350
solve
r,11,.1, , , ,300
solve
r,11,.1, , , ,250
solve
r,11,.1, , , ,200
solve
r,11,.1, , , ,175
solve
r,11,.1, , , ,150
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solve
r,11,.1, , , ,125
solve
r,11,.1, , , ,100
solve
r,11,.1, , , ,75
solve
r,11,.1, , , ,50
solve
r,11,.1, , , ,25
solve
r,11,.1, , , ,15
solve
r,11,.1, , , ,10
solve
r,11,.1, , , ,5
solve
r,11,.1, , , ,0
solve

Figure 17; Deflection monitoring per load step (7)
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-The solution did converge due to Force (variable).  The last convergence is achieved at the
load step number 117 with 6 SUBSTEPS.  The maximum deflection (MxDs) is 0.6568 inches.  

Figure 18, Crushing/Cracking of concrete elements (4) 

Figure 19; Deflection of the beam (3)
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Figure 20; Axial stress in Z-direction (SZ) (3)

Figure 21; Axial stress (SAXL) in the reinforcement members (1)

[Karol Hricisak, February 3, 2006]
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2-15 Beam FEM Model

CANTILEVER14 - The modulus of elasticity for the elastic foundation is set to 500 psi.  The
number of steps to apply the uniformly distributed load is 100 (NOS).  The number of steps to
remove the elastic foundation is increased 20 to help the convergence.  The load applied is 9.0
kips/ft.  Additional symmetry constraints: 
NSEL,S,LOC,X,0
D,ALL,UX,0

Below is the code used for the solver section of the script.  
Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=100 !number of steps
kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.05,,5
CNVTOL,U,,0.05,,0.0005
*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
Solve
*enddo

r,11,.1, , , ,450
solve
r,11,.1, , , ,400
solve
r,11,.1, , , ,350
solve
r,11,.1, , , ,300
solve
r,11,.1, , , ,250
solve
r,11,.1, , , ,225
solve
r,11,.1, , , ,200
solve
r,11,.1, , , ,175
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solve
r,11,.1, , , ,150
solve
r,11,.1, , , ,125
solve
r,11,.1, , , ,100
solve
r,11,.1, , , ,75
solve
r,11,.1, , , ,50
solve
r,11,.1, , , ,40
solve
r,11,.1, , , ,30
solve
r,11,.1, , , ,20
solve
r,11,.1, , , ,15
solve
r,11,.1, , , ,10
solve
r,11,.1, , , ,5
solve
r,11,.1, , , ,0
solve

Figure 22; Displacement monitoring per load step (3)
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-The solution did not converge.  The last convergence is achieved at the load step number 115
with a 1 SUBSTEP and 8 ITERATIONS.  The maximum deflection (MxDs) is 0.52413 inches.  

CANTILEVER15 – The modulus of elasticity for the elastic foundation is set to 400 psi.  The
number of steps to apply the uniformly distributed load is 200 (NOS).  The number of steps to
remove the elastic foundation is increased 21 to help the convergence.  The load applied is 9.0
kips/ft.  Additional symmetry constraints: 
NSEL,S,LOC,X,0
D,ALL,UX,0

Below is the code used for the solver section of the script.  
Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=200 !number of steps
kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.05,,5
CNVTOL,U,,0.05,,0.0005
*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
Solve
*enddo

r,11,.1, , , ,375
solve
r,11,.1, , , ,350
solve
r,11,.1, , , ,325
solve
r,11,.1, , , ,300
solve
r,11,.1, , , ,275
solve
r,11,.1, , , ,250
solve
r,11,.1, , , ,225
solve
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r,11,.1, , , ,200
solve
r,11,.1, , , ,175
solve
r,11,.1, , , ,150
solve
r,11,.1, , , ,125
solve
r,11,.1, , , ,100
solve
r,11,.1, , , ,75
solve
r,11,.1, , , ,50
solve
r,11,.1, , , ,40
solve
r,11,.1, , , ,30
solve
r,11,.1, , , ,20
solve
r,11,.1, , , ,15
solve
r,11,.1, , , ,10
solve
r,11,.1, , , ,5
solve
r,11,.1, , , ,0
solve
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Figure 23; Displacement monitoring per load step (4)

-The solution did not converge even after restart attempt.  The last convergence is achieved at
the load step number 104 with a 6 SUBSTEPS.  The maximum deflection (MxDs) is 0.16845
inches.  

[Karol Hricisak, February 6, 2006]
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Beam FEM Model

CANTILEVER16a - The modulus of elasticity for the elastic foundation is removed.  The
number of steps to apply the uniformly distributed load is 1000 (NOS).  The load applied is 9.0
kips/ft.  NO additional symmetry constraints.  Below is the code used for the solver section of
the script.  

Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=1000 !number of steps
kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.05,,5
CNVTOL,U,,0.05,,0.0005
*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
Solve
*enddo

FINISH

Figure 24; Deflection monitoring per load step (8)
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-The solution did not converge due to Force (variable).  The last convergence is achieved at
the load step number 170 with 4 SUBSTEPS.  The maximum deflection (MxDs) is 0.048489
inches.  

CANTILEVER16b - The modulus of elasticity for the elastic foundation is removed.  The
number of steps to apply the uniformly distributed load is 1000 (NOS).  The load applied is 9.0
kips/ft.  NO additional symmetry constraints.  Below is the code used for the solver section of
the script:  

Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=1000 !number of steps
kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.05,,5
CNVTOL,U,,0.05,,0.0005
*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
Solve
*enddo
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Figure 25; Deflection monitoring per load step (9)

-The solution did not converge due to Force (variable).  The last convergence is achieved at
the load step number 457 with 1 SUBSTEP.  The maximum deflection (MxDs) is 0.30514
inches.  

Figure 26; Axial stress in the reinforcement members (2)
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[Karol Hricisak, February 7, 2006]

2-16 Beam FEM Model

CANTILEVER17 - The modulus of elasticity for the elastic foundation is removed.  The number
of steps to apply the uniformly distributed load is 1000 (NOS).  The load applied is 9.0 kips/ft. 
Additional symmetry constraints: 
NSEL,S,LOC,X,0
D,ALL,UX,0

Below is the code used for the solver section of the script.  
Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=1000 !number of steps
kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.05,,5
CNVTOL,U,,0.05,,0.0005
*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
Solve
*enddo

Figure 27; Deflection monitoring per load step (10)
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-The solution did not converge due to Force (variable).  The last convergence is achieved at the
load step number 183 with 4 SUBSTEPS and 2 ITERATIONS.  The maximum deflection (MxDs)
is 0.08159 inches.  

[Karol Hricisak, February8, 2006]

2-17 Beam FEM Model

CANTILEVER18 - The modulus of elasticity for the elastic foundation is set to 500 psi.  The
number of steps to apply the uniformly distributed load is 100 (NOS).  The number of steps to
remove the elastic foundation is 10.  The convergence criteria for the FORCE is loosened
CNVTOL,F,,0.1,1,5 and CNVTOL,U,,0.05,1,10.  The load applied is 9.0 kips/ft.  Below is the
code used for the solver section of the script.  

Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=100 !number of steps
kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.1,1,5
CNVTOL,U,,0.05,1,10
*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
Solve
*enddo

r,11,.1, , , ,450
solve
r,11,.1, , , ,400
solve
r,11,.1, , , ,350
solve
r,11,.1, , , ,300
solve
r,11,.1, , , ,250
solve
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r,11,.1, , , ,200
solve
r,11,.1, , , ,150
solve
r,11,.1, , , ,100
solve
r,11,.1, , , ,50
solve
r,11,.1, , , ,0
solve
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Figure 28; Deflection monitoring per load step (11)

-The solution did not converge due to Force (variable) and Displacement for the last step of
removing the Elastic Foundation.  The last convergence is achieved at the load step number
109 with 17 SUBSTEPS.  The maximum deflection (MxDs) is 0.45357 inches.  

CANTILEVER19 - The modulus of elasticity for the elastic foundation is set to 500 psi.  The
number of steps to apply the uniformly distributed load is 100 (NOS).  The number of steps to
remove the elastic foundation is increased to 11.  The convergence criteria for the FORCE is
CNVTOL,F,,0.05,,1 and for DISPLACEMENT is CNVTOL,U,,0.05,,0.0005.  The load applied is
9.0 kips/ft.  Below is the code used for the solver section of the script.  

Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=100 !number of steps
kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.05,,1
CNVTOL,U,,0.05,,0.0005
*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
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NSEL,ALL
TIME,1*ii
Solve
*enddo

r,11,.1, , , ,450
solve
r,11,.1, , , ,400
solve
r,11,.1, , , ,350
solve
r,11,.1, , , ,300
solve
r,11,.1, , , ,250
solve
r,11,.1, , , ,200
solve
r,11,.1, , , ,150
solve
r,11,.1, , , ,100
solve
r,11,.1, , , ,50
solve
r,11,.1, , , ,25
solve
r,11,.1, , , ,0
solve

Figure29; Deflection monitoring per load step (12)

-The solution did not converge
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due to Force (variable).  The last convergence is achieved at the load step number 104 with 6
SUBSTEPS.  The maximum deflection (MxDs) is 0.16845 inches.  

Figure 30; Crushing/Cracking of concrete elements (5)

Figure 31; Deflection of the beam (4)
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Figure 32; Axial stress in Z-direction (SZ) (4)

Figure 33; Axial stress in the reinforcement members (3)
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CANTILEVER20 - The modulus of elasticity for the elastic foundation is set to 50 psi.  The
number of steps to apply the uniformly distributed load is 100 (NOS).  The number of steps to
remove the elastic foundation is increased 11.  The load applied is 9.0 kips/ft.  Below is the
code used for the solver section of the script.  

Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=100 !number of steps
kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.05,,1
CNVTOL,U,,0.05,,0.0005
*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
Solve
*enddo

r,11,.1, , , ,45
solve
r,11,.1, , , ,40
solve
r,11,.1, , , ,35
solve
r,11,.1, , , ,30
solve
r,11,.1, , , ,25
solve
r,11,.1, , , ,20
solve
r,11,.1, , , ,15
solve
r,11,.1, , , ,10
solve
r,11,.1, , , ,5
solve
r,11,.1, , , ,2.5
solve
r,11,.1, , , ,0
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solve

Figure 34; Deflection monitoring per load step (13)

-The solution did converge.  The maximum deflection (MxDs) is 0.70852 inches.  

Figure 35; Crushing/Cracking of concrete elements (6)
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Figure 36; Deflection of the beam (5)

Figure 37; Axial stress in Z-direction (SZ) (5)
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Figure 38; Axial stress in the reinforcement members (4)

[Karol Hricisak, February 9, 2006]

2-18 Beam FEM Model
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CANTILEVER21 - The modulus of elasticity for the elastic foundation is set to 5 psi.  The
number of steps to apply the uniformly distributed load is 100 (NOS).  The number of steps to
remove the elastic foundation is increased 11.  The load applied is 9.0 kips/ft.  Below is the
code used for the solver section of the script.  

Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=100 !number of steps
kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.05,,1
CNVTOL,U,,0.05,,0.0005
*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
Solve
*enddo

r,11,.1, , , ,4.5
solve
r,11,.1, , , ,4.0
solve
r,11,.1, , , ,3.5
solve
r,11,.1, , , ,3.0
solve
r,11,.1, , , ,2.5
solve
r,11,.1, , , ,2.0
solve
r,11,.1, , , ,1.5
solve
r,11,.1, , , ,1.0
solve
r,11,.1, , , ,0.5
solve
r,11,.1, , , ,0.25
solve
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r,11,.1, , , ,0
solve

Figure 39; Deflection monitoring per load step (14)

-The solution did converge due to Force (variable).  The last convergence is achieved at the
load step number 81 with 6 SUBSTEPS.  The maximum deflection (MxDs) is 0.52877 inches.  

Figure 40, Crushing/Cracking of concrete elements – 81st step
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Figure41; Crushing/Cracking of concrete elements – @1560lbf and 146in

Figure 42; Deflection of the beam (6)

         Figure 43; Axial stress in Z-direction (SZ) (6)
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Figure 44; Axial stress (SAXL) in the reinforcement members (1)

[Karol Hricisak, February 10, 2006]
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3-19 Calculation for the cross-section capacity

The values for the moment capacity of both cross-section where the plastic hinges form (Section
A, for 1st hinge and Section B for 2nd hinge) are calculated in the MathCad file’concrete strength
tension with units for NUREG.mcd’. Note that this value follows the assumption in NUREG/CR-6715
where the strength as Section A is under-represented since the compression reinforcement is
neglected in their calculations.
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Both values match the results shown in page 132 equation 6.5, assuming tension-controlled

cross sections (i.e. following ACI code, with a capacity reduction factor N = 0.9).The strength of
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Section A can also be calculated using tension and compression reinforcement formulae:
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[Fernando Ferrante, February 10, 2006]
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2-20 Limit State Analysis for the beam problem (Part (a))

Using limit state analysis theory, the load at failure for the cantilevered beam problem shown in
page 141, Figure 6.2 in NUREG/CR-6715 is independently evaluated using (a) values calculated
previously for the cross-section moment capacity assuming tension reinforcement only at A and B,
and (b) values calculated previously for the cross-section moment capacity assuming tension and
compression reinforcement at A and tension reinforcement at B. The analysis was developed in the
MathCad file ‘limit state beam with units and NUREG strength.mcd’:
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[Fernando Ferrante, February 14, 2006]
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2-21 Limit State Analysis for the beam problem (Part (b))

The limit state analysis below repeats the procedure shown previously, but for (b) values assuming
tension and compression reinforcement at A and tension reinforcement at B. The analysis was
developed in the MathCad file ‘limit state beam with units and NUREG strength.mcd’:
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[Fernando Ferrante, February 15, 2006]
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2-22 Beam FEM Model

CANTILEVER22 – The elastic foundation stiffness is set to 2.5.  The number of steps to apply
the uniformly distributed load is 100 (NOS).  The load applied is 9.0 kips/ft.  The number of
steps to remove the elastic foundation is increased 11.  

Below is the portion of the code used for the solver section of the script file.  

Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=100 !number of steps
kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.05,,1
CNVTOL,U,,0.05,,0.0005
*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
Solve
*enddo

r,11,.1, , , ,2.5
solve
r,11,.1, , , ,2.25
solve
r,11,.1, , , ,2.0
solve
r,11,.1, , , ,1.75
solve
r,11,.1, , , ,1.5
solve
r,11,.1, , , ,1.25
solve
r,11,.1, , , ,1.0
solve
r,11,.1, , , ,0.75
solve
r,11,.1, , , ,0.5
solve
r,11,.1, , , ,0.25
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solve
r,11,.1, , , ,0
solve

Figure 45; Deflection monitoring per load step (15)

-The solution did converge.  The maximum deflection (MxDs) is 0.71385 inches.  

Figure 46, Crushing/Cracking of concrete elements (7)

Figure 47; Deflection of the beam (7)
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Figure 48; Axial stress in Z-direction (SZ) (7)



Fernando Ferrante SCIENTIFIC NOTEBOOK #759E INITIALS: FF

[90]

Figure 49; Axial stress (SAXL) in the reinforcement members (2)

Initiation of the first Cracking @ 930 lbf/ft:

Figure 50; Crushing/Cracking of concrete elements – @ 930 lbf/ft and 0 in
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Figure 51; Deflection of the beam @ 930 lbf/ft

Figure 52; Axial stress (SAXL) in the reinforcement members @ 930 lbf/ft
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Initiation of the second Cracking @ 1,550 lbf/ft:

Figure 53; Crushing/Cracking of concrete elements – @1,550 lbf/ft and 146 in

Figure 54; Deflection of the beam @ 1,550 lbf/ft
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Figure 55; Axial stress in Z-direction (SZ) @ 1,550 lbf/ft

Figure 56; Axial stress (SAXL) in the reinforcement members @ 1,550 lbf/ft
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Initiation of the 1st Hinge @ 8,125 lbf/ft:

Figure 57; Crushing/Cracking of concrete elements – @ 8,125 lbf/ft

Figure 58; Deflection of the beam @ 8,125 lbf/ft
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Figure 59; Axial stress in Z-direction (SZ) @ 8,125 lbf/ft

Figure 60; Axial stress (SAXL) in the reinforcement members @ 8,125 lbf/ft

[Karol Hricisak, February 15, 2006]
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2-23 Beam FEM Model

CANTILEVER23 – The material properties of the reinforced steel were modified to be described
by elastic-perfectly plastic curve (Sy = 66 ksi).  The elastic foundation stiffness is set to 50.  The
number of steps to apply the uniformly distributed load is 100 (NOS).  The load applied is 9.0
kips/ft.  The number of steps to remove the elastic foundation is 12.  

Below is the portion of the code used for the solver section of the script file.  

Script:
!***************************
/SOLU 
ANTYPE,STATIC
NOS=100 !number of steps
kbc,0
autots,on
NSUBST,10
OUTRES,ALL,1
CNVTOL,F,,0.05,,1
CNVTOL,U,,0.05,,0.0005
*do,ii,1,NOS,1
NSEL,S,LOC,Y,h
F,ALL,FY,-(LPN/NOS)*ii
NSEL,ALL
TIME,1*ii
Solve
*enddo

r,11,.1, , , ,50
solve
r,11,.1, , , ,40
solve
r,11,.1, , , ,30
solve
r,11,.1, , , ,25
solve
r,11,.1, , , ,20
solve
r,11,.1, , , ,15
solve
r,11,.1, , , ,10
solve
r,11,.1, , , ,7.5
solve
r,11,.1, , , ,5
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solve
r,11,.1, , , ,2.5
solve
r,11,.1, , , ,1.25
solve
r,11,.1, , , ,0
solve

Figure 61; Deflection monitoring per load step (16) 

-The solution did not converge at the last step.  The maximum deflection (MxDs) is 0.8325
inches.  

Figure 62, Crushing/Cracking of concrete elements (8)

Figure 63; Deflection of the beam (8)
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Figure 64; Axial stress in Z-direction (SZ) (8) 
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Figure 65; Axial stress (SAXL) in the reinforcement members (3)

Initiation of the first Cracking @ 950 lbf/ft:

Figure 66; Crushing/Cracking of concrete elements – @ 950 lbf/ft and 0 in

Figure 67; Deflection of the beam @ 950 lbf/ft
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Figure 68; Axial stress in Z-direction (SZ) @ 950 lbf/ft

Figure 69; Axial stress (SAXL) in the reinforcement members @ 950 lbf/ft
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Initiation of the second Cracking @ 1,640 lbf/ft:

Figure 70; Crushing/Cracking of concrete elements – @1,640 lbf/ft and 146 in

Figure 71; Deflection of the beam @ 1,640 lbf/ft



Fernando Ferrante SCIENTIFIC NOTEBOOK #759E INITIALS: FF

[102]

Figure 72; Axial stress in Z-direction (SZ) @ 1,640 lbf/ft

Figure 73; Axial stress (SAXL) in the reinforcement members @ 1,640 lbf/ft
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Initiation of the 1st Hinge @ 8,406 lbf/ft:

Figure 74; Crushing/Cracking of concrete elements – @ 8,406 lbf/ft
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Figure 75; Deflection of the beam @ 8,406 lbf/ft

Figure 76; Axial stress in Z-direction (SZ) @ 8,406 lbf/ft
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Figure 77; Axial stress (SAXL) in the reinforcement members @ 8,406 lbf/ft

[Karol Hricisak, February 23, 2006]
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2-24 Fragility Analysis Calculation

A MATLAB m-file was written to verify the calculation of the fragility curve shown in NUREG/CR-
6715 page 146-147 (figures 6.7, 6.8). This follows the description provided in pages 122-129 of the
same document. This procedure is further explained in EPRI’s Methodology for Developing Seismic
Fragilities2 final report.

 
clear all
 
load data
 
Es = 29000;
x = 12.5*12;
L = 20*12;
 
fy = r(:,1);
fc = r(:,2);
ft = r(:,3);
eu = r(:,4);
d = r(:,5);
Bf = r(:,6);
Bsh = r(:,7);
b = r(:,8);
Asp = r(:,9);
Asn = r(:,10);
B = r(:,11);
ap = r(:,12);
Mp = r(:,13);
an = r(:,14);
Mn = r(:,15);
wf = r(:,16);
Asb = r(:,17);
 
I = find(fc < 4);
Bc = zeros(size(fc));
Bc(I) = 0.85;
J = find((fc > 4) & (fc < 8));
Bc(J) = 1.05 - 0.05*(fc(J));
K = find(fc > 8);
Bc(K) = 0.65;
 
apc = Asp.*fy./(0.85*fc.*b);
Mpc = Asp.*fy.*(d - apc/2);
anc = Asn.*fy./(0.85*fc.*b);
Mnc = Asn.*fy.*(d - anc/2);
 
rhob = 0.85*B.*(fc./fy).*(eu./(eu + fy./Es));
Asc = rhob.*b.*d;
rhon = Asn./(b.*d);
rhop = Asp./(b.*d);
 
x = (0.01*12):(0.01*12):((20*12)-(0.01*12));
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for i = 1:19
    wfc1(i) = min(12*2*(Mn(i) + Mp(i)*L./(L-x))./(L*x));
    wfc2(i) = min(12*2*(Mn(i) + Mp(i)*L./(L-(12.5*12)))./(L*(12.5*12)));
end
 
N = length(wf);
Pe = (1:N)/(N+1);
S = log(wf/median(wf))/(sqrt(log((std(wf)/mean(wf))^2 + 1)));
plot(S,wf,'ro')
[p1] = polyfit(S,wf,1);
figure;
FINDCDF(wf);
plot(sort(wf),Pe','ro')
P = logncdf(exp(6:0.01:11),p1(2),p1(1));
plot(6:0.01:11,P,'r')

Note that ‘data’ is a stored matrix that contains the data presented in page 162 (Table 6.1) of
NUREG/CR-6715. The uniform load at failure (2nd plastic hinge) calculated from either virtual work
(equation 6.11, page 133) or independent limit state analysis presented earlier is obtained after
multiplication by the flexural factor Bf, which is introduced to account for model uncertainty (page
126, NUREG/CR-6715). For the case of the beam, this value has a normal distribution with mean
1.04 and coefficient of variation 0.07. Results below indicate exact match of published results.

Figure 78: Linear fitting to obtain the assumed lognormal distribution parameters
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Figure 79: Fragility curve with assumed lognormal distribution and data

[Fernando Ferrante, February 24, 2006]
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2-25 Shear Wall FEM Model

A representative shear wall is selected with a height/width ratio equal to one, a thickness equal
to 2 feet, and a reinforcement ratio equal to 0.003 in each direction.  Due to symmetry along a
vertical plane at the center of the shear wall, only one-half of the shear wall is modeled.  The
model prescribes shear stiffness along cracks to be one half of the stiffness in the uncracked
material and equal to the uncracked material after the cracks close.  No tensile strength can be
transmitted across cracks, but compressive stress can be transmitted after cracks close.  The
following parameters for the concrete are used:

Concrete (nominal 4,000 psi)
Compression strength - 4,400 psi
Tensile (splitting) strength - 475 psi
Initial tangent modulus - 3,834 ksi

Figure 80; Stress-Strain for Concrete (nominal 4000 psi)

The steel reinforcement is modeled discretely with spar elements having elastic perfectly plastic
material properties.  The following parameters for the rebar reinforcement are used:

ASTM A615/Grade 60 reinforcement
Yield strength - 71 ksi
Modulus of elasticity - 29,000 ksi
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Figure 81; Shear Wall Elements

The boundary conditions restrain all vertical and horizontal at the base nodes and horizontal
out-of-plane translation at all the nodes on the vertical plane of symmetry.  The load is uniformly
distributed through the top layer of nodes in lateral direction.  

[Karol Hricisak, March 22, 2006]
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2-26 Shear Wall FEM Model

Continuation from March 22nd, 2006

The convergence was not achieved.  From the crack pattern as shown in Figure 82, can
be concluded that reason for non-convergence is the heel (bottom left corner) of the shear
wall.  At this location, the visible shift of elements is present.  

Figure 82; Crack pattern for Shear Wall

[Karol Hricisak, April 3, 2006]
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2-27 Shear Wall FEM Model

The model of the shear wall is unchanged.  The material properties of the reinforced
concrete remain the same.  The steps to apply the load are increased from 100 to 500
steps.  Decreasing the load size per iteration should help the convergence, due to smaller
resultant deformation per given iteration.  

Figure 83; Crack pattern for Shear Wall with increased load step

The crack plot shows no change in crack pattern from the previous run.  Additional runs are
made to validate this.  Same result is achieved with 1000, 2500, and 5000 steps.  All of the
runs crack in the identical pattern, with the leading edge of the left flange showing a drastic
element shift.  

[Karol Hricisak, April 5, 2006]
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2-28 Shear Wall FEM Model

Considering the previous shear wall runs, additional modification of the model is
required to improve convergence.  Material properties for the shear wall ceiling and
shear wall flanges are modified, due to a fact that the element shifting always occurs at
the bottom left part of the shear wall (the heel).  

Material properties of the shear wall:
Concrete (nominal 4,000 psi)

Compression strength - 4,400 psi
Tensile (splitting) strength - 475 psi
Initial tangent modulus - 3,834 ksi

Material properties of the shear wall ceiling and flanges:
Concrete (nominal 4,000 psi)

Compression strength - 4,400 psi
Tensile (splitting) strength - 1500 psi
Initial tangent modulus - 3,834 ksi

Below is the code used for the solver section of the script.  
Script:
!***************************
!MATERIAL PROPERTIES **************************************
MP,EX,1,3.831e6 !concrete wall
MP,NUXY,1,0.2
TB,CONCR,1,1,9,  
TBTEMP,0
TBDATA,,0.5,1,475,4400,0,0
TBDATA,,0,0,,,,
TB,MISO,1,1,10
TBPT,, 1E-6,3.833
TBPT,, 500E-6,1708
TBPT,, 750E-6,2406
TBPT,,1000E-6,2999
TBPT,,1250E-6,3487
TBPT,,1500E-6,3872
TBPT,,1750E-6,4152
TBPT,,2000E-6,4327
TBPT,,3000E-6,4400
TBPT,,4000E-6,4400
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MP,EX,2,29e6 !grade 60 rebar
MP,NUXY,2,0.3
TB,BISO,2   
TBDATA,1,71e3 !Yield stress (psi) 
TBDATA,2,0 !Tangent modulus (psi)

MP,EX,3,3.831e6 !concrete stiff members
MP,NUXY,3,0.2
TB,CONCR,3,1,9,  
TBTEMP,0
TBDATA,,1,1,1500,4400,0,0
TBDATA,,0,0,,,,
TB,MISO,3,1,10
TBPT,, 1E-6,3.833
TBPT,, 500E-6,1708
TBPT,, 750E-6,2406
TBPT,,1000E-6,2999
TBPT,,1250E-6,3487
TBPT,,1500E-6,3872
TBPT,,1750E-6,4152
TBPT,,2000E-6,4327
TBPT,,3000E-6,4400
TBPT,,4000E-6,4400

The loading pattern remains the same as uniform load applied to each upper node of
the ceiling.  The number of load steps to apply the load is 100.  
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Figure 84; Crack pattern for Shear Wall with modified material properties for ceiling and
flanges

The crack plot shows a significant change in crack pattern.  The initial crack occurs in the upper
right corner of the wall following the edge where the left flange and the ceiling meet with the
shear wall.  Finally, the cracking occurs at the lower left flange.  The element shift located in the
lower left flange causes the convergence failure, again.  

The model is also run with different load steps resulting in the same crack pattern.  

[Karol Hricisak, April 17, 2006]

2-29 Shear Wall FEM Model
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The configuration of the applied lateral load is modified, using the model with the
modified material properties for the shear wall ceiling and the flanges.  The following are
the case considered:

- Load applied to a first line of nodes of the symmetry plane
- Load applied in the two closest rows to the symmetry plane
- Load applied at the three nodes of the top leading edge of the shear wall flange
- Load applied at the single point at the top leading edge of the flange at the symmetry plane
- Load applied at the single point at the center of the ceiling at the symmetry plane

Figure 85; Crack pattern for Shear Wall with load applied to a first line of nodes of
the symmetry plane

All the runs with the modified loading configuration failed to propagate the crack
throughout the whole shear wall.  Each run shows a change in crack pattern.  

In the case of loading being applied to the first line of nodes of the symmetry plane, the
initial cracking occurs almost simultaneously in the top right corner and the lower left
corner of the shear wall.  The cracking fails to propagate throughout the rest of the
shear wall.  Notably, the cracking does not occur in the flanges as in previous runs.  

The models are also run with different load steps resulting in the same crack pattern for
the same loading configuration.  

[Karol Hricisak, May 12, 2006]

2-30 Derivation of Truss and Arch Mechanism Equations for Shear Wall
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The following equations were derived in the journal paper "Reliability Assessment of
Reinforced Concrete Walls Degraded by Agressive Operating Environments" by Y. Mori
and B. Ellingwood13. The derivation is double-checked in the MathCad file "Derivation of
Ellingwood's Equations.mcd" and re-printed here:



Fernando Ferrante SCIENTIFIC NOTEBOOK #759E INITIALS: FF

[118]

[Fernando Ferrante, May 24, 2006]
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2-31 Validation of Equations used for Shear Wall in NUREG\CR-6715

For the shear wall problem, deterministic equations were used to compare the FEM model
results with empirical equations used in the American Concrete Institute's "Buiding Code
Requirements for Structural Concrete (ACI 318-99)" (Note: these equations are also present in
the current edition ACI 318-05, which will be used as reference14). Also, an experiment-based
equation derived by Barda et al15 is provided which is supposed to reduce the conservatism in
estimating the strength for low-rise shear walls (i.e. concrete walls with a height-to-length ratio
less or equal to 2). Both are validated for the calculations reproduced in NUREG\CR-6715 on
with design values in the following MathCad file "ACI Design Methodology.mcd":  
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Note: The ACI code design strength and Barda equation using compressive strength
are very close to NUREG\CR-6715 values of 2150 kips and 3170 kips respectively.
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[Fernando Ferrante, May 26, 2006]

2-32 Calculation of Shear Strength using Mori and Ellingwood's Equations

For comparison to ACI design shear strength and Barda et al. empirical equations, the
theoretical approach developed by Mori and Ellingwood13 (based on truss/arch
mechanism for shear strength) is used. Using the design input parameters in
NUREG/CR-6715, the following results are obtained in the MathCad file "shear wall
mechanics paper MPA.mcd":

Note: calculations were performed in both SI and US units, since the empirical
equations used for effective strength and tensile strength may apply specifically for one
unit system. The results are similar for both cases (US units calculations are available in
MathCad file "shear wall mechanics paper psi.mcd"), but the value obtained using SI
units is used since the effective strength formula obtained from Nielsen16 is defined in
MPa. This value of 14.387 MN (3234 kips) compares well to Barda's result in both
NUREG/CR-6715 of 14.1 MN (3170 kips) and the value calculated here of 13.78 MN
(3099 kips).
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[Fernando Ferrante, May 31, 2006]
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2-33 Validation of NUREG/CR-6715 Results

The results for fragility curves obtained through LHS simulation of the concrete tensile strength
ft and the rebar yield strength in Barda et al Equation are shown in pages 195-200 of
NUREG/CR-6715. These are based on 19 samples resulting in shear strength values for 3
cases: undegraded, with steel degradation and with steel plus concrete degradation. After a
review of the results shown in pages 203-208, it was observed that the results presented in
pages 195-200 are those for V = Vc + Vs only (without including the modeling uncertainty factor
for shear Bsh). This is also confirmed by the FEM shear wall results presented in NUREG/CR-
6715 pages 192-193 which are listed in page 201 for the undegraded case only. The m-files
below list the approach used to construct fragility curves of the above validation
("nuregbarda.m" with data from NUREG/CR-6715 listed in "nuregbardadata"):

clear all
 
% Random inputs obtained in NUREG/CR-6715
randinp = ...
    [459     72      0.96
    677     58.5    0.87
    533     67.1    1.00
    526     86.2    1.13
    493     76.3    0.84
    628     63.5    1.10
    420     68.2    1.08
    460     79.4    0.90
    443     71.0    1.02
    511     72.9    1.16
    415     69.2    1.20
    424     75.1    0.80
    273     81.8    0.94
    538     77.7    0.73
    448     64.9    1.06
    483     73.9    1.27
    398     66.1    0.92
    508     61.7    1.04
    387     70.0    0.98];
% Split random inputs
ft = randinp(:,1);
fy = randinp(:,2);
Bsh = randinp(:,3);
% Load case-specific data
load dataA0p5R0p003.mat
% Split shear strength results
Vc = data(:,1);
Vs = data(:,2);
V = 1.*data(:,1);
%V = Bsh.*(Vc+Vs);% Use only to include modeling uncertainty effecs
N = length(V);
 
% Calculate empirical CDF values
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Pe = (1:N)/(N+1);
% Plot data in log-log scale for linear interpolation
figure(1);
S = log(V/median(V))/(sqrt(log((std(V)/mean(V))^2 + 1)));
% for COV < 0.3, this is equivalent to S =
% log(V/median(V))/(std(V)/mean(V));
[p1] = polyfit(S,log(V),1);% fit linear function
f = polyval(p1,S);
plot(S,log(V),'ro',S,f,'b-');
axis square;grid on;hold on
xlabel('S = ln(V/V_m)/COV','FontSize',24);
ylabel('ln(V)','FontSize',24);
 
% Plot fragility (conditional probability of failure)
figure(2);
FINDCDF(V);
plot(sort(V),Pe','bo');hold on
Vp = (0.1:0.1:20)*10^6;
P = logncdf(Vp,p1(2),p1(1));
plot(Vp,P,'g')
axis square;grid on
xlabel('Failure Load (kips)','FontSize',24);
ylabel('Probability of Failure','FontSize',24);
 

Figure 86: Fragility results of NUREG/CR-6715 for linear fitting of results for shear
wall FEM (undegraded)
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Figure 87: Fragility results of NUREG/CR-6715 for shear wall FEM (undegraded)

Figure 88: Fragility results of NUREG/CR-6715 for shear wall with an aspect ratio
of 0.5 and reinforcement ratio of 0.003. 

Note 1: the units in figures 87 and 88 should read x103 as opposed to x106 in order to be kips.

Note 2: the values for the fragility data at 10%, 50% and 90% were obtained from approximating
the plots in NUREG/CR-6715

[Fernando Ferrante, June 1, 2006]
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2-34 Development of new LHS routine

A new routine is developed in order to use the in-built inverse cumulative distribution
function commands in MATLAB. This simplifies and optimizes the previous routine
used. Currently, three distributions are included (although this can be easily extended to
others): normal, lognormal and beta. Examples of these three distributions are shown
below using a mean of 0.4 with a standard deviation of 0.2.

function X = genlhs(mu,sigma,n,opt,opt1)
 
% Generates a number n of LHS samples for a normal (opt = 'n'),
% lognormal (opt = 'n'), or beta (opt = 'n') distributed random variable
% with mean mu and standard deviation sigma.
 
% To print the CDF of the resulting random variable X and the LHS mapping
% set opt1 = 1. To print the theoretical and empirical CDF of X, use opt1 =
% 2.
 
% n is the number of variables to be generated
% Subdivide CDF into n intervals
P = 0:(1/n):1;
% Define intervals for uniform samples
A = P(1:n);
B = P(2:(n+1));
% Generate uniform samples
u = unifrnd(A,B);
 
% Generate lhs samples
if opt == 'n'%NORMAL
    X = norminv(u,mu,sigma);%generate normal LHS
    pp = norminv(A,mu,sigma);%for plotting purposes only
elseif opt == 'l'%LOGNORMAL
    % Calculate median and log std from mean,std
    beta = sqrt(log((sigma/mu)^2 + 1));
    med = mu*exp(-0.5*beta^2);
    X = logninv(u,log(med),beta);%generate lognormal LHS
    pp = logninv(A,log(med),beta);%for plotting purposes only
elseif opt == 'b'%BETA
    % Calculate alpha and beta factors from mean,std
    a = -mu*(mu^2 - mu + sigma^2)/sigma^2;
    b = (mu^2 - mu + sigma^2)*(mu - 1)/sigma^2;
    X = betainv(u,a,b);%generate beta LHS
    pp = betainv(A,a,b);%for plotting purposes only
end
 
% The following lines are for printing purposes only and will execute if
% input 'opt1' is equal to one
if (opt1 == 1) | (opt1 == 2)
    Y = min(X):((max(X)-min(X))/2000):max(X);
    figure;
    FINDCDF(X);
    if opt == 'n'
        fy = normcdf(Y,mu,sigma);
    elseif opt == 'l'
        % Calculate median and log std from mean,std
        fy = logncdf(Y,log(med),beta);
    elseif opt == 'b'
        % Calculate alpha and beta factors from mean,std
        fy = betacdf(Y,a,b);%generate beta LHS
    end
    plot(Y,fy,'k');
    axis square;grid on;
    xlabel('x','FontSize',24);
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    ylabel('CDF','FontSize',24);
    title(' ');
end
if (opt1 == 1)
    for i = 1:n
        plot([0 7],[A(i) A(i)],'k:')
        plot([0 X(i)],[u(i) u(i)],'r')
        plot([X(i) X(i)],[0 u(i)],'r')
        plot(X(i),u(i),'ro')
    end
end

X = X(randperm(N));%randomly permutate vector values of random variable
                   %which must be used to avoid dependence between two
                   %random variables generated with this algorithm

Figure 89: CDF of LHS realizations of a random variable X with mean = 0.4 and standard deviation
= 0.2 for a Normal (left), Lognormal (right) and Beta (bottom) distribution

[Fernando Ferrante, June 2, 2006]
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2-35 Development of solver for non-linear system of equation

This routine is used to solve the non-linear system of equations that arises for z and N in Mori
and Ellingwood's approach. The routine is based on a solver presented in Numerical Methods
using MATLAB by Lindfield and Penny and follows Broyden's approach. The equations from
Mori and Ellingwood are defined in two separate functions ('fts.m' and 'ftc.m') which correspond
to the cases where either the steel or concrete contributions to shear in the truss mechanism
dominate, respectively.

function [xv,it]=broyden(x,f,n,tol);
 
fr = zeros(n,1); it = 0; xv = x;
Br = eye(n);
fr = feval(f, xv);
while norm(fr)>tol
    it = it + 1;
    pr = -Br*fr;
    tau = 1;
    xv1 = xv+tau*pr; xv = xv1;
    oldfr = fr; fr = feval(f,xv);
    y = fr-oldfr; oldBr = Br;
    oyp = oldBr*y-pr; pB=pr'*oldBr;
    for i = 1:n
        for j = 1:n
            M(i,j) = oyp(i)*pB(j);
        end
    end
    Br = oldBr-M./(pr'*oldBr*y);
end;

function f = ftc(v);
 
load trussvartc
 
x = v(1); y = v(2);
f = zeros(2,1);
f(1) = tan(x*pi/180) - h/(L - y);
f(2) = y - (D + (1-B).*b.*(L-y)*fct*sin(A))./((1-B)*b*fcy*((sin(x*pi/180))^2));

function f = fts(v);
 
load trussvarts
 
x = v(1); y = v(2);
f = zeros(2,1);
f(1) = tan(x*pi/180) - h/(L - y);
f(2) = y-(D+L*b*rhoy*fy-Vt*tan(A))./((1-B)*b*fcy*((sin(x*pi/180))^2)+2*b*rhoy*fy);

[Fernando Ferrante, June 5, 2006]
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2-36 Generation of correlated normal random samples

A routine to generate correlated normal random samples is implemented based on eigenvalue
decomposition of the correlation matrix. 

 
function [X1,X2] = normcorrrnd(mu1,sigma1,mu2,sigma2,rho,N,opt)
 
% Define correlation matrix
cxx = [1 rho;rho 1];
 
% Modal decomposition
[D,V] = EIGEN(cxx);
 
if opt == 2
    Y = [(genlhs(0,1,N,'n',0))' (genlhs(0,1,N,'n',0))'];%LHS
end
 
% Simulate with 10000 samples
for i = 1:N
    % Generate and store independent Gaussian vector YY
    if opt == 1
        YY = randn(2,1);%Monte Carlo
        Y(i,:) = YY';
    elseif opt == 2
        YY = Y(i,:)';%Monte Carlo
    end
    % Simulate and store Gaussian vector via Modal
    XX(i,:) = (V*sqrt(D)*YY)';
end
 
% Translate components according to g1 and g2
% g1 = normal with mean mu1 and standard deviation sigma1
X1 = sigma1*XX(:,1) + mu1;
% g2 = normal with mean mu2 and standard deviation sigma2
X2 = sigma2*XX(:,2) + mu2;
 
X1 = X1';
X2 = X2';

[Fernando Ferrante, June 7, 2006]
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2-37 Probabilistic calculation of Shear Strength Using Barda

The routine to generate correlated samples is introduced into the m-file
'nuregbardarandomNUREG.m' used to calculate Barda's ultimate shear strength. 
 
clear all 
% Define random input variables (material properties)
optd = input('Enter data, NUREG (1) or random (2) = ');
if optd == 1
    N = 19;
    % Random inputs obtained in NUREG/CR-6715
    randinp = ...
        [459     72      0.96
        677     58.5    0.87
        533     67.1    1.00
        526     86.2    1.13
        493     76.3    0.84
        628     63.5    1.10
        420     68.2    1.08
        460     79.4    0.90
        443     71.0    1.02
        511     72.9    1.16
        415     69.2    1.20
        424     75.1    0.80
        273     81.8    0.94
        538     77.7    0.73
        448     64.9    1.06
        483     73.9    1.27
        398     66.1    0.92
        508     61.7    1.04
        387     70.0    0.98];
    % Split NUREG inputs
    ft = randinp(:,1);
    fy = randinp(:,2)*1000;
    Bsh = randinp(:,3);
    %load fc values from NUREG
    load datafemfc
    %load results for FEM in NUREG
    load datafem
    Ve = data(:,1);    
elseif optd == 2
    N = input('Enter number of random inputs = ');
    optgr = 0;
    fcmean = 4400;fccov = 0.16;
    ftmean = 475;ftcov = 0.18;
    [fc,ft] = normcorrrnd(fcmean,fccov*fcmean,ftmean,ftcov*ftmean,0.7,N,1);
    fymean = 71000;fycov = 0.10;
    fy = genlhs(fymean,fycov*fymean,N,'l',optgr);
end
 
figure(1)
subplot(2,3,1);
FINDPDF(fc);
xlabel('f_c (psi) ','FontSize',14);
ylabel(' ','FontSize',14);
axis square
subplot(2,3,4);
FINDCDF(fc);
xlabel('f_c (psi) ','FontSize',14);
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ylabel(' ','FontSize',14);
axis square
 
subplot(2,3,2);
FINDPDF(ft);
xlabel('f_t (psi) ','FontSize',14);
ylabel(' ','FontSize',14);
axis square
subplot(2,3,5);
FINDCDF(ft);
xlabel('f_t (psi) ','FontSize',14);
ylabel(' ','FontSize',14);
axis square
 
subplot(2,3,3);
FINDPDF(fy);
xlabel('f_y (psi) ','FontSize',14);
ylabel(' ','FontSize',14);
axis square
subplot(2,3,6);
FINDCDF(fy);
xlabel('f_y (psi) ','FontSize',14);
ylabel(' ','FontSize',14);
axis square
 
[mean(fy),std(fy),std(fy)/mean(fy)]
[mean(ft),std(ft),std(ft)/mean(ft)]
[mean(fc),std(fc),std(fc)/mean(fc)]
corrcoef(fc,ft)
   
% Define deterministic input variables (geometry and loading)
H = 20*12;
Lw = 20*12;
h = 2*12;
d = 0.8*Lw;%according to ACI 318-05
rhov = 0.00304;
rhoh = 0.00304;
Nu = 300*h*Lw;
 
% Define approach used to input strength (fc or ft)
%opt = input('Enter strength used, where fc (1) or ft (2) = ');
opt = 2;
if opt == 1
    F = sqrt(fc);
elseif opt == 2
    %cf = input('Enter value of constant c, where c*sqrt(fc) = ');
    cf = 6;
    F = ft/cf;%7.161;
end
 
% Calculate shear strength according to Barda et al
Vc = (8.3*F - 3.4*F.*(H/Lw - 0.5) + Nu./(4*h*Lw)).*h.*d;
if H/Lw <= 0.5
    B = 1;
elseif (H/Lw > 0.5) & (H/Lw < 1.5)
    B = -H/Lw + 1.5;
elseif H/Lw >= 1.5
    B = 0;
end
A = 1 - B;
Vs = (A*rhoh + B*rhov).*fy.*h.*d;



Fernando Ferrante SCIENTIFIC NOTEBOOK #759E INITIALS: FF

[132]

V = (Vc + Vs).*1;
 
% Calculate empirical CDF values
Pe = (1:N)/(N+1);% according to EPRI TR-103959
 
V = V/1000;% Transform to kips
 
% Plot data in log-log scale for linear interpolation
figure(2);
S = log(V/median(V))/(sqrt(log((std(V)/mean(V))^2 + 1)));% according to EPRI TR-103959
% for COV < 0.3, this is equivalent to S =
% log(V/median(V))/(std(V)/mean(V));
[p1] = polyfit(S,log(V),1);% fit linear function
f = polyval(p1,S);
plot(S,log(V),'ro',S,f,'b-');
axis square;grid on;hold on
xlabel('S = ln(V/V_m)/\beta','FontSize',24);
ylabel('ln(V)','FontSize',24);
 
% Plot fragility (conditional probability of failure)
figure(3);
%FINDCDF(V);
%plot(sort(V),Pe','bo');hold on
Vp = (0.1:0.001:20)*10^3;
P = logncdf(Vp,p1(2),p1(1));
plot(Vp,P,'r');hold on
axis square;grid on
xlabel('Failure Load (kips)','FontSize',14);
ylabel('Probability of Failure','FontSize',14);
axis([2.5*10^3 5.5*10^3 0 1])

[Fernando Ferrante, June 9, 2006]

2-38 Implementation of Mori and Ellingwood's approach
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Mori and Ellingwood's equation are implemented in the routine below which can take random input
values from the previous routines. The first one ('moriellin.m') takes the input material properties
that are simulated using the probabilistic routines developed previously and outputs the resulting
ultimate shear strength along with other intermediate parameters. The second one integrates the
first one in a loop for a Monte Carlo analysis.

First routine 

 
%clear all
function [Vu,fcy,Ta1,Ta2] = moriellin(fc,fy,fct);
 
b = 2*12;%in inches
L = 20*12;
h = 20*12;
rhox = 0.00304;
rhoy = 0.00304;
% fc = 4113%4400;%in psi
% fy = 72000%71000;%in psi
% fct = 459%475;%in psi
%           %or fct = 6*sqrt(fc);
A = 45*pi/180;
D = 300*h*b;
 
fcy = fc;%(0.7 - fc*0.00689476/200)*fc;%in psi
 
Rtc = fcy*b*max([0 L-h*cot(A)]);
H = min([h L*tan(A)]);
Vt = fy*rhox*b*H + Rtc*cos(A);
 
B = Vt./(fcy*b*L*sin(A)*cos(A));
Rts = Vt*tan(A);
 
save trussvartc h L D b rhoy fy fct Vt A B fcy;
[phiztc,iter]=broyden([4000 50]','ftc',2,0.00005);
phitc = phiztc(1)*pi/180;
ztc = phiztc(2);
Tctc = (1 - B)*b*(L - ztc)*fct*sin(A);
Tstc = b*(L - ztc)*rhoy*fy - Rts;
 
save trussvarts h L D b rhoy fy Vt A B fcy;
[phizts,iter]=broyden([2000 30]','fts',2,0.00005);
phits = phizts(1)*pi/180;
zts = phizts(2);
Tcts = (1 - B)*b*(L - zts)*fct*sin(A);
Tsts = b*(L - zts)*rhoy*fy - Rts;
 
if (Tctc > Tstc) & (Tcts > Tsts)
    phi = phiztc(1)*pi/180;
    z = phiztc(2);
    Tc = (1 - B)*b*(L - ztc)*fct*sin(A);
    Ts = b*(L - ztc)*rhoy*fy - Rts;
elseif (Tctc < Tstc) & (Tcts < Tsts)    
    phi = phizts(1)*pi/180;
    z = phizts(2);
    Tc = (1 - B)*b*(L - zts)*fct*sin(A);
    Ts = b*(L - zts)*rhoy*fy - Rts;
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elseif ((Tctc > Tstc) & (Tcts < Tsts)) | ((Tctc < Tstc) & (Tcts > Tsts))           
disp('Warning');pause
end
Nc = z*(1 - B)*b*fcy*sin(phi);
Va = Nc*cos(phi);
Ta1 = max([Tc Ts]);
Ta2 = (Nc*sin(phi) - D);
Vu = Va + Vt;
 
Second routine

clear all
 
load ftrun,load fcrun,load fyrun;
 
for i = 1:100;
    i,
    [Vu(i),fcy(i)] = moriellin(fcrun(i),fyrun(i),ftrun(i));
end
 
V = Vu;
N = length(Vu);
% Calculate empirical CDF values
Pe = (1:N)/(N+1);
 
% Plot data in log-log scale for linear interpolation
figure(1);
S = log(V/median(V))/(sqrt(log((std(V)/mean(V))^2 + 1)));
% for COV < 0.3, this is equivalent to S =
% log(V/median(V))/(std(V)/mean(V));
[p1] = polyfit(S,log(V),1);% fit linear function
f = polyval(p1,S);
plot(S,log(V),'ro',S,f,'b-');
axis square;grid on;hold on
xlabel('S = ln(V/V_m)/COV','FontSize',24);
ylabel('ln(V)','FontSize',24);
 
% Plot fragility (conditional probability of failure)
figure(2);
%FINDCDF(V);
%plot(sort(V),Pe','bo');hold on
Vp = (0.1:0.001:20)*10^6;
P = logncdf(Vp,p1(2),p1(1));
plot(Vp,P,'r');hold on
axis square;grid on
xlabel('Failure Load (kips)','FontSize',14);
ylabel('Probability of Failure','FontSize',14);
% Calculate empirical CDF values
Pe = (1:N)/(N+1);

[Fernando Ferrante, June 14, 2006]

2-39 Generation of results from probabilistic calculation Using Barda's Equations
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Calculation of fragility curves for the ultimate shear strength using Barda et al
(according to NUREG/CR-6715) are made with the routines described previously for 2
sets of 20 and 2000 samples with the results presented in Figures 90 and 91:

For 20 samples

Figure 90: Statistics on the material properties sampled (N = 20)
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Statistics (note: std = standard deviation, cov = coefficient of variation = std/mean):

mean fc’ = 4430.9 psi std fc’ = 743.9 psi cov fc’ = 0.168
mean ft’ = 487.0 psi std ft = 86.0 psi cov ft = 0.177
mean fy = 71105 psi std fy = 755.1 psi cov fy = 0.106

correlation coefficient between fc’ and ft = 0.746

For 2000 samples

Figure 91: Statistics on the material properties sampled (N = 2000)

mean fc’= 4419.6 psi std fc’ = 720.8 psi cov fc’ = 0.163
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mean ft = 475.2 psi std ft = 87.0 psi cov ft = 0.183
mean fy = 71004 psi std fy = 7119.2 psi cov fy = 0.106

correlation coefficient between fc' and ft = 0.716

Figure 92: Linear fitting to obtain the median and logarithmic standard deviation
for the fragility curve
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Figure 93: Fragility curves based on the linear fit of Figure 92

Data and statistics for ultimate shear strength V for 20 samples

mean V = 3810.18 ksi std V = 411.0 ksi cov V = 0.108

fy (psi) fc (psi) ft (psi) Vc (kips) Vs (kips) V (kips)
    72871
    63826
    71326
    74768
    69087
    72433
    56815
    67715
    61731
    63692
    65833
    73746
    70113
    79989
    75760
    66414

    4465.4
    3879.9
    3002.6
    4645.5
    4981.0
    3868.0
    4650.8
    4183.5
    4631.3
    6563.4
    3953.4
    5146.4
    5284.8
    4023.1
    4395.8
    4213.0

  377.5576
  473.2058
  358.7928
  471.1862
  497.2656
  396.0797
  518.5797
  563.6675
  629.9694
  627.4436
  419.0451
  619.5196
  617.9544
  404.8955
  439.1920
  449.8691

    2259.4
    2744.2
    2164.2
    2733.9
    2866.1
    2353.2
    2974.2
    3202.7
    3538.8
    3526.0
    2469.7
    3485.8
    3477.9
    2397.9
    2571.8
    2625.9

    1020.8
    894.1
    999.2
    1047.4
    967.8
    1014.7
    795.9
    948.6
    864.7
    892.2
    922.2
    1033.1
    982.2
    1120.5
    1061.3
    930.4

    3280.2
    3638.3
    3163.4
    3781.3
    3833.9
    3367.9
    3770.1
    4151.3
    4403.5
    4418.2
    3391.9
    4518.9
    4460.0
    3518.5
    3633.0
    3556.2
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    89656
    81322
    68101
    76900

    3437.5
    4725.0
    4231.6
    4335.6

  427.8375
  495.5671
  439.0488
  513.3928

    2514.2
    2857.5
    2571.1
    2947.9

    1255.9
    1139.2
    954.0
    1077.2

    3770.1
    3996.7
    3525.0
    4025.1

Statistics for 2000 samples

mean V = 3748.96 ksi std V = 452.9 ksi cov V = 0.121

NOTE: Results for both runs are stored in the files 'ISGrun20.mat' and 'ISGrun2000.mat'

[Fernando Ferrante, June 16, 2006]

2-40 Closure of Scientific Notebook SN759E

This scientific notebook was provided to the cognizant manager Asad Chowdhury for
closure on June 16 2008; as required by QAP-01.  MATLAB and Matchcad files are
provided on a compact disk labeled “Attachment to SN759E”.

[Fernando Ferrante, June 16, 2008]
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