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Introduction

The LBNL is working on a project to develop a network of wireless sensors in a collaborative effort with Hewlett-Packard and the City of Berkeley.  As part of the project, the wireless sensors will be deployed in the Berkeley Town House for seismic monitoring to demonstrate the functionality of the system.  To facilitate the field monitoring and provide information on potential responses of the building to seismic activities, a 3-D finite element model was built for analyses based on the blueprint provided by the City of Berkeley. 

The model includes all the structural components of the building and is composed of two types of elements: 2-node beam elements and 4-node shell elements with six degrees of freedom at each node.  A total of 393 beam elements and 2304 shell elements, three types of materials properties and 12 types of cross-sections were used.  Modal and response spectrum analyses were performed on the model.  The data from the El Centro earthquake was used for the response spectrum analysis.  The results from the analyses include 20 natural frequencies, five modal shapes, the displacements and accelerations at each node and stresses in each element.  The fundamental frequency obtained from the model matches well with the empirical value, suggesting the model is a realistic one.  The displacement and acceleration results can be used to guide the deployment of sensors and the stress distribution map can provide the City of Berkeley with retrofitting information.

Theoretical Background


The prediction of building responses to seismic activities is of great interest to scientists, engineers and the general public.  Variety of methods has been developed in this area.  One of the methods is to use finite element model to study the behavior of a building in case of an earthquake. The method is very well developed for linear static and dynamic problems in solid and structural analyses, and to some extent, nonlinear static solid problems and geometrically nonlinear problems.   The program used in this study, ANSYS, is a well-known, multi-purpose finite element program.  ANSYS can perform several types of dynamic analyses, including modal, transient, harmonic and spectrum analyses.  In this study, modal and spectrum analyses are selected based on the objectives of the project.

Modal Analysis


The modal analysis in ANSYS is a mode-frequency analysis and it assumes constant stiffness and mass, no damping (for spectrum analysis purpose) and free vibration governed by the equation of motion:
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(1)

where q, M and K are the displacements, mass matrix and stiffness matrix, respectively.  For a linear system, the solution to Eq. (1) is in the form of [1]:
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where {u} is the eigenvector that define the modes of the system, ( is the natural frequency , and C  and (  are constants depending on the initial conditions.  Plugging Eq.(2) into (1) yields:
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Eq. (3) can be satisfied by either {u}= 0 or 


[image: image4.wmf]0

[M]

ω

[K]

2

=

-







(4)

The first case is trivial and the second case represented by Eq. (4) yields n eigenvalues, 
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 (i = 1, 2, ..., n), which in turn give the natural frequencies, 
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 .  For each natural frequency, an eigenvector can be found that define the mode shape of the system.  Such vector is not unique in the sense that if one eigenvector is a solution, then a constant multiple of that vector is also a solution.  For analysis purpose, eigenvector is usually normalized.  The most common normalization scheme is defined as follows:

{u}Ti [M] {u}i= 1 





(5)

Another normalization scheme involving setting the largest value in the eigenvector to 1 and adjusting the rest of the values.  ANSYS has both options, but if a subsequent spectrum analysis is desired, then the scheme defined by Eq. (5) must be used [2].

Spectrum Analysis


A spectrum analysis is a procedure in which the results from the modal analysis are used with a known response spectrum to calculate the displacements, velocities, accelerations and stresses of a structure [2].  The response spectrum is a graph of  displacement, velocity or acceleration versus natural period or frequency.  It shows the peak responses of systems with known natural periods.  The spectrum can be constructed from past earthquake data.  For the velocity and acceleration response spectra, the values are calculated with the following formula [3]:
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respectively, where D is the displacement due to earthquake ground motion and T is the natural period.   The velocity and acceleration defined by Eqs. (6) and (7) are approximations of the true values, and therefore, sometimes, they are referred to as pseudo-velocity and pseudo-acceleration.


Given the response spectra, ANSYS calculates the responses of the structure for each mode as follows [2]:
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where 
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{d}i  is the modal responses, displacement or acceleration for the ith mode, Di  is the spectrum displacement or acceleration values (input) and,{N} is an excitation direction vector.  The modal responses are then combined with one of the several combination methods to obtain the total response of the structure [2].


The stresses in the shell elements are calculated with the constitutive relationship between stress and strain, and the strain is obtained from the nodal displacements.  The stresses at the top and bottom of the shell are calculated separately.  The stresses in the beams are obtained from the nodal forces and moments which are calculated from the nodal displacements [2].


Spectrum analysis does not give the time history response of the structure and reduces a dynamic analysis to a series of static analyses [3].   For each mode, a static analysis is performed to find the peak response and the responses are then combined to obtain the total response.  It is, however, still a dynamic analysis since the vibration properties are used [3].  Spectrum analysis involves a couple of approximations including the relationships between velocity and displacement, and acceleration and displacement as well as mode combinations.  It remains a useful tool in structure design because of its simplicity and worse-case-scenario approach.  As computation time becomes less of a factor in FE analysis, more detailed time history analysis may be preferred over spectrum analysis.

Description of the Building


The structure studied in this project is the Berkeley Town House located on 2550 Dana Street, Berkeley, California.   It was built in 1961, and is a nine-story reinforced concrete building as shown in Figure 1. The structure has a garage in the basement, a small library, a kitchen, and a conversation corner on the 1st floor, eight apartments each on Floors 2 through 7, seven apartments each on the 8th and 9th floors and a penthouse and a machine room on the roof of the building.

The basement of the building has a horizontal dimension of 127 ft ( 89 ft 2 in. and a height of 8 ft 3 in. The retaining walls of the basement are 8 in. in thickness.  On the outer surface of the concrete wall, there is a waterproof membrane to prevent underground water from seeping into the basement. A driveway of 14.5 feet runs from the basement garage to the street outside.
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Figure 1.  The Berkeley Town House.


The superstructure (floors 1 to 9) has a horizontal dimension of 84 ft 6 in. ( 69 ft 8 inches. The outside walls of the superstructure are offset from the retaining walls of the basement by a variety of distances except at the southeastern corner where the whole structure shares the same shear wall as shown in Figure 2. The height of the first floor is 12 ft 7 ½ in., the 2nd to the 8th floor is 8 ft 9 ½ in., the 9th floor is 10 ft, and the penthouse and the machine room has a height of 9 ft 11 in.

The building has two stairs and two elevators. Stair 1 is located in the stairwell of the center core, and it runs from the basement to the roof of the building. Stair 2 is located on the far west side of the building and it runs from 1st to 9th floor. The two 


Figure 2.   Plan view of the structure.

elevators are located in the elevator well of the center core next to stair 1 as shown in Figure 2. The elevator well has a horizontal dimension of 12 ft 6 in. ( 10 ft 11 in. and the horizontal dimension of stairwell for stair well is 13 ft 8 in. ( 9 ft. Both elevators run from the basement to the 9th floor.


The main supporting elements of the building are the foundation, center core, columns, shear walls, and floor slabs.  The foundation is reinforced concrete raft foundation and its depth ranges from 4 ft at the edge and 10 ft at the center core.  The center core, which houses the elevators and the stairway, is attached to the foundation and is the main supporting element, functioning both as a column and a shear wall.  The core is also made of reinforced concrete and its dimensions can be found in Table 1. The building has 12 reinforced concrete columns that run all the way to the top of the structure. When viewing from the east or the west side of the building, the columns form 3 rows perpendicular to the east wall, and the rows are spaced at 28’2” or 28’4” with each other (Figure 2). Column spacing varies from 22’8” to 25’11” in the other direction. The cross-sections of the columns are shown in Table 2.  In addition, there exist three columns that support the roof of the basement on the west side.  The shear walls are located at the four corners of the building as shown in Figure 2.   The shear walls on the east end of the north wall and on the west end of south wall are anchored into the foundation and the remaining shear walls starts from the first floor.  The thickness of the shear walls is listed in Table 1.  The rest of the outside walls are architectural components.  The center core, columns and vertical walls are tied together with reinforced concrete floor slabs and the thickness of the slabs is 9 in.

Table 1.  Shear Wall Thickness (in.)

	Shear Walls
	Basement  
	First
	Second
	Third
	Forth
	Fifth
	Sixth
	Seventh
	Eighth
	Ninth

	North (West\East)
	(0\12)
	(6\12)
	(6\12)
	(6\12)
	(6\12)
	(6\12)
	(6\12)
	(6\12)
	(6\12)
	(6\12)

	East 
	0
	6
	6
	6
	6
	6
	6
	6
	6
	6

	South (West\East)
	(12\0)
	(12\6)
	(12\6)
	(12\6)
	(12\6)
	(12\6)
	(12\6)
	(12\6)
	(12\6)
	(12\6)

	West 
	0
	6
	6
	6
	6
	6
	6
	6
	6
	6

	Elevator North
	12
	12
	12
	12
	12
	12
	12
	12
	12
	12

	Elevator West
	8
	8
	8
	8
	8
	8
	8
	8
	8
	8

	Elevator South
	12
	12
	12
	12
	12
	12
	12
	12
	12
	12

	Elevator East/Stair West
	8
	8
	8
	8
	8
	8
	8
	8
	8
	8

	Stair South
	14
	14
	14
	12
	12
	12
	10
	10
	8
	8

	Stair East 
	8
	8
	8
	8
	8
	8
	8
	8
	8
	8

	Stair North
	12
	12
	12
	12
	12
	12
	12
	12
	12
	12


Table 2.  Cross-Sections of the Columns (in.)

	Floor
	1A, 2A, 3A
	4A
	1B, 2B, 3B
	4B
	1C
	2C, 3C, 4C

	6th to 9th
	14 x 14
	14 x 14
	14 x 14
	14 x 14
	14 x 14
	14 x 14

	B to 5th
	20 x 20
	18 x 18
	22 x 22
	18 x 22
	18 x 18
	20 x 20


The FEM model is based on the aforementioned structural components.

Description of the Model


The model is a three-dimensional, linear, isotropic finite element model.  The discretization of domain, geometry of the elements, material properties, boundary condition, loads and analysis procedures are described below.

Geometry and the FE Idealization

The geometry of the model is obtained from the blueprint of the building and field inspections. Details of the structure are given in the previous section, “Description of the Building.”  The origin of the coordinate system for the model is located at the southeast corner of the basement floor.  The x, y and z axes are in the W-E, S-N and vertical directions, respectively.  The model, for the most part, is composed of the structural components of the building, namely, the center core, the shear walls, the floor slabs and the vertical columns, the dimensions of which can be found in Figure 2 and Tables 1 and 2.  The retaining walls around the basement are also included in the model.  The foundation is not included in the model, but its behavior is reflected in the boundary conditions.  All the architectural components including the machine room at the roof are ignored although a 20% mass was added to the model to account for those components when the analysis was conducted. 

 Two types of elements, which are described in the next section, are used in the model: beam elements and shell elements.  The 15 columns including the three for the basement, are represented with beam elements and the rest of the components are discretized with shell elements.  To maintain a size-to-thickness ratio of around 10 for the shell elements, as suggested by ANSYS, a general edge length of 90 in. was used for meshing the walls although elements with other edge lengths were also generated because of the irregular locations of the structural components.  The majority of the shell elements are quadrilateral with a few triangular ones to account for the irregularities of the areas. The lengths of the beam element are around 30 in.  A total of 393 beam elements and 2304 shell elements were generated for the model.  Figure 3 shows the meshed finite element model.

[image: image12.png]i
ELEMENTS

ANSYS

as S 2002
15:28:45





Figure 3.  Finite Element Abstract of the Building.


Some difficulties were encountered when generating the finite element mesh.  The difficulties were caused by the irregular locations and varying dimensions of the structural components and by the fact that elements must be connected properly.  For example, a beam element can not pierce a shell element in the middle geometrically and it must meet a shell elements at a node.  Similarly, a node of a shell element can not be located in the middle of the edge of another shell element.  The problems were ultimately solved by reducing automatic meshing and increasing manual meshing through the creation of more Keypoints and meshing the areas separately.

Element Types


The beam element used in the model is BEAM4 in ANSYS.  BEAM4 is a 2-node, 3-D, elastic, uniaxial elements with tension, compression, torsion and bending capabilities [2].  The element has six degrees of freedom at each node, translations in the x, y and z directions and rotations about the x, y and z axes.   The element x axis is always along the axis of the beam with element y and z axes forming the cross-section plane.  Required element constants include cross-section area, thickness in the y and z directions (TKZ and TKY)  and moments of inertia (IZZ and IYY).  The required material property inputs for the element are Young’ modulus (EX) and density (DENS).  Other constant and material input options are also available.  The element stress is calculated from nodal force and moments.  


The shell element used in the model is SHELL63 in ANSYS.  SHELL63 is a 4-node, 3-D, elastic shell element.  The element has six degrees of freedom at each node similar to those of a beam element.  The element z axis is always perpendicular to shell surface.  Required element constants include the thickness at each nodes (TK(I,), TK(J), etc.) and material properties include Young’s modulus, Poisson’s ratio and density (EX, PRXY and DENS).  Other constants and material properties can also be inputted depending on the applications.  The element stress is calculated from the element strain and the nodal forces and moments are obtained from the element stresses.


 More details of the elements can be found in ANSYS users’ guide [2].

Element Constants 


Twelve sets of material constants were used in the model, six for each type of elements.  The number of  material constant sets mainly reflects the number of  element thickness in the model.  Tables 3 and 4 list the element constant sets for the beam and shell elements, respectively.

Table 3.  Element Constants for the Beam Elements

	Set #
	AREA

(in.2 )
	IZZ

(in.4 )
	IYY

(in.4 )
	TKZ

(in.)
	TKY

(in.)
	ADDMAS

(lb-sec2/in./in.)

	1
	324
	8748
	8748
	18
	18
	0

	2
	396
	15972
	10692
	18
	22
	0

	3
	400
	13333
	13333
	20
	20
	0

	4
	484
	19521
	19521
	22
	22
	0

	5
	196
	3201
	3201
	14
	14
	0

	6
	144
	1724
	1724
	12
	12
	0


Table 4.  Element Constants for the Shell Elements

	Set #
	TK

(in.)
	ADMSUA

(lb-sec2/in./in.2)

	7
	6
	0

	8
	8
	0

	9
	9
	0.00042

	10
	10
	0

	11
	12
	0

	12
	14
	0


In Tables 3 and 4, ADDMAS and ADMSUA are the added mass per unit length for the beam element and added mass per unit area for the shell element, respectively, and other symbols are explained previously.  Constant Set 9 is used for the floor slabs and a 20% mass was added to the floors to represent the mass of the ignored features.  For the shell element, uniform thickness is applied for each element in the model and therefore, the thickness of each node in a element is the same.  Table 3 and 4 reflect the thickness of the wall and column dimensions listed in Table 1 and 2.

Material Properties


Three sets of material properties are used in the model.  The number of material sets is based on the types of concretes used in the building, as indicated on the blueprint, and the model abstraction.  There are two types of concretes with a nominal strength of 3750 psi and 2500 psi.  The structural components were constructed with 3750 concrete and the basement retaining wall with 2500 concrete.  The Young’s modulus is calculated with the following formula [4]:
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where w is the density in lb/ft3 and 
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is the nominal strength of the concrete in psi.  The Poisson’s ratio for concrete ranges from .15 to .25 [4] and a value of  .2 is chosen for the model.  The density of concrete varies from 90 to 155 lb/ft3  and a value of 150 was selected.  It must be pointed out that in ANSYS, the density must be entered as mass per unit volume, not weight per unit volume for modal analysis.  One can very easily be confused on this point, especially for those who are accustomed to static analysis.  Perhaps, ANASYS should consider adding a routine to perform a conversion from weight/volume to mass/volume so that the density can be entered with consistent unit for both static and dynamic analyses.  The unit of the density entered in this model is lb-sec2/in./in.3.


In the model, the elevator doors on each floor were ignored to reduce the complexity of the mesh.  This omission was compensated by reducing the Young’s modulus of that side of the wall by 1/3.


The material properties are summarized in Table 5.  In the table, Material Sets 1, 2 and 3 are for the structural component, wall of the elevator doors and the retaining walls, respectively.

Table 5.  Material Properties

	Material Set
	EX

(psi)
	PRXY
	DENS

(lb-sec2/in./in.3)

	1
	3712500
	0.2
	0.000224884

	2
	2475000
	0.2
	0.000224884

	3
	3031200
	0.2
	0.000224884


Boundary Conditions and Applied Spectrum


The boundary conditions for the analysis are: a) all the nodes of the shell elements at the foundation level are fixed, i.e., the displacements, translational or rotational, were set to zero; and b) for the beam elements, the translational displacements of the  nodes at the foundation level were set to zero, but rotations were allowed.  


For the spectrum analysis, the spectra for the El Centro earthquake with damping ratio of 2% were adopted in the analysis.  The spectra are shown in Figure 4.  The spectrum values were entered as a table in ANSYS as shown in Table 6.  ANSYS takes frequencies instead of periods which have a reciprocal relationship with frequencies.

Table 6.  Response Spectrum Values Used in the Analysis

	Frequency
	Displacement

Spectrum (in.)
	Acceleration

Spectrum (g)

	0.5
	7.47
	0.191

	1.0
	5.97
	0.610

	2.0
	2.67
	1.09
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Figure 4.  Response spectra used in the analysis.[3]

Analysis Procedures and Options


The analysis procedure for the modal analysis is described in Sections 3.4 through 3.8 of the ANSYS Structural Analysis Guide and the procedure for a single-point response spectrum (SPRS) analysis is explained in Section 6.4 of the guide. 

The options used in the modal analysis are shown in Figure 5 and those for the spectrum analysis are in Figure 6.  The spectrum analysis was conducted for six different loading cases: displacements in the excitation directions x, y and z and accelerations in the excitation directions x, y, and z, respectively.  Figure 6 shows only the case where the spectrum value is displacement and the excitation direction is z.  Options for other cases are similar except that the displacement may be replaced by acceleration and the value for SEDX and SEDY may take the value of one instead of zero where SEDX, SEDY and SEDZ are identifiers of the excitation direction and a value of one indicates an excitation direction.
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Figure 5.  Modal analysis options for the model.
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Figure 6.  Spectrum analysis options.

Results and Discussions



The results obtained from the analysis include the natural frequencies and modal shapes of the building, and displacements, accelerations and stresses induced by seismic loading.

Natural Frequencies and Modal Shapes of the Building

Twenty natural frequencies and five modal shapes were obtained from the modal analysis.  Five of the lowest frequencies are shown the Table 7 and corresponding modal shapes are shown in Figure 7 through 11.


The fundamental period of the building is 0.835 sec. which is comparable with the estimated value of 0.94 from the following empirical formula developed by FEMA [5] based on actual ground shaking:
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where 
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T

 and H are the fundamental period and building height, respectively.  This shows that the model developed in this project is a realistic one.

Table 7.  Natural Frequencies and Periods of the Building

	Mode
	Frequency
	Period

	1
	1.198
	0.835

	2
	1.867
	0.536

	3
	2.169
	0.461

	4
	5.131
	0.195

	5
	5.286
	0.189
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Figure 7.  The first modal shape.
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Figure 8.  The second modal shape.
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Figure 9.  The third modal shape.
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Figure 10.  The fourth modal shape.
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Figure 11.  The fifth modal shape


The first mode of the building is rotating about an axis parallel to the x-axis in the E-W direction and the building swings in the N-S direction (Figure 7).  The second and third modes are both twisting, in clockwise and counter-clockwise, respectively (Figure 8 and 9).  The fourth mode is bending in the N-S direction (Figure 10).  The last mode shows severe vertical motion at the northwest part of the building and some bending (Figure 11).

Displacement and Acceleration Responses

Spectrum analysis yielded a lot of information.  For each displacement excitation, there are eight displacement response values at each node: translational displacements in the x, y and z direction, rotations about the x, y and z axis, and total displacement and rotation.  The same can be said about the acceleration.  Therefore, a total of 48 displacement and acceleration contour graphs can be generated.  In addition, vector graphs can also be created.  Only the total displacement and acceleration graphs are included in this section and the rest can be found in the Appendix.


Figure 12 through 14 show the total displacement contours when the excitation is in the x, y and z directions, respectively, and Figure 15 through 17 are the contour maps for the acceleration.  These figures indicate that when the excitation is in the x or y direction, the maximum displacements and accelerations occur at the top level of the building.  When the excitation is in the z direction, maximum values occur in the  northwest part of the building where the  northwest shear wall is located at the softest spot for the entire building (Figure 14 and 17).  The fact that the distribution patterns of the displacements and accelerations are similar can be explained by Eqs. 7 through 9.  
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Figure 12.  Total displacement induced by excitation in the x-direction.
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Figure 13.  Total displacement induced by excitation in the y-direction.
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Figure 14.  Total displacement due to excitation in the z-direction.
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Figure 15. Total acceleration due to excitation in the z-direction.
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Figure 16.  Total acceleration due to excitation in the y-direction.
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Figure 17.  Total acceleration due to excitation in the z-direction.

The results suggest that the top and the northwest part of the buildings are the most sensitive areas for the wireless sensors to pick up movements.

Stress Distributions


Similar to displacements and accelerations, a lot of data were generated from the spectrum analysis about forces and stresses.  Only the first principal stress contours are shown here.  Figures 18 through 20  are the first principal stress distributions due to excitations in the x, y, and z direction, respectively.  Figures 18 and 19 indicate that the maximum stress concentrations occurs at the bottoms of the shear walls and center core as well as the areas of the first floor slab where the northwest and southeast shear walls sit on.  The maximum stresses induced by excitation in the z-direction concentrate in the northwest part of the building (Figure 20), which is consistent with the displacement distribution.
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Figure 18.  Maximum principal stress due to excitation in the x-direction.
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Figure 19.  Maximum principal stress due to excitation in the y-direction.
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Figure 20.  Maximum principal stress due to excitation in the z-direction.

The maximum stresses range from 10213 psi to 19514 psi which far exceed 1.5 times the nominal strength value of the concrete, 5625 psi, indicating that the building could be damaged by an earthquake of El Centro magnitude.


Some suggestions on retrofitting can be made based on the analysis. First, the southwest and northeast shear walls and the center core, which are all connected to the foundation, may need reinforcement at the bottom from the foundation level to the first floor.  Second, columns should be built underneath the northwest and southeast shear walls in the basement to stiffen those corners.

Conclusions and Recommendations


A 3-D finite element model was built and analyzed in the study.  The model is based on the actual dimensions from the blueprint and includes all structural components and the retaining wall.  The material properties of the model are those recommended by ACI.  Modal and spectrum analyses were performed with the FE package, ANSYS.  The fundamental frequency obtained from the modal analysis compares well with the empirical value.  Displacement, acceleration and stress distributions are generated from spectrum analysis with the El Centro response spectrum.  It is suggested from the analyses that the most sensitive areas for the accelerate meters to pick up structural motions are the top level and the northwest part of the building.  The analyses also suggest that most of the retrofitting spots are located in the basement area and the northwest portion of the building.


Although the study yields reasonable and useful information, it is still limited in a couple of aspects. First of all, the spectrum analysis has its inheritant problem of too many approximations as mentioned in the theoretical discussions.  Another limitation is that the modal analysis did not include damping though it was factored into the spectrum analysis. In addition, the study was constrained by time and resources.


Some of the recommendations for further study include: 1) conducting ambient vibration tests to determine the natural frequencies of the building and compare them with the FE results; 2) considering damping effect in modal analysis; and 3) perform time-history analyses such as harmonic or transient studies.
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APPENDIX: Additional Results from the Model
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Figure A-1.  Acceleration in the x-direction due to excitation in the x-direction.
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Figure A-2.  Acceleration in the y-direction due to excitation in the x-direction.
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Figure A-3.  Acceleration in the z-direction due to excitation in the x-direction.
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Figure A-4.  Acceleration in the x-direction due to excitation in the y-direction.
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Figure A-5.  Acceleration in the y-direction due to excitation in the y-direction.
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Figure A-6.  Acceleration in the z-direction due to excitation in the y-direction.
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Figure A-7.  Vector plot of the total acceleration due to excitation in the y-direction.
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Figure A-8.  Acceleration in the x-direction due to excitation in the z-direction.
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Figure A-9.  Acceleration in the y-direction due to excitation in the z-direction.
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Figure A-10.  Acceleration in the z-direction due to excitation in the z-direction.
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Figure A-11.  Vector plot of the total acceleration due to excitation in the z-direction.
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A-12.  Displacement in the x-direction due to excitation in the x-direction.
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A-13.  Displacement in the y-direction due to excitation in the x-direction.
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A-14.  Displacement in the z-direction due to excitation in the x-direction.
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A-15.  Displacement in the x-direction due to excitation in the y-direction.
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A-16.  Displacement in the y-direction due to excitation in the y-direction.
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A-17.  Displacement in the z-direction due to excitation in the y-direction.
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A-18.  Displacement in the x-direction due to excitation in the z-direction.
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A-19.  Displacement in the y-direction due to excitation in the z-direction.
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A-20.  Displacement in the z-direction due to excitation in the z-direction.
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