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ABSTRACT

Seismic responses generated for nuclear safety-related buildings by codes such as SASSI for the design of
reinforced concrete and structural steel members require consideration of three components of the earthquake motion. To
properly account for the responses of systems subjected to the three-directional excitation, a statistical combination is used
to obtain the total response according to either the square-root-of-the-sum-of-the-squares (SRSS) criterion of Regulatory
Guide 1.92 or the Load Factor method (100%, 40%, 40%) of ASCE 4. Either method, applied to the responses associated
with the three components of ground motion, is used for determining the design forces for steel and reinforced concrete
structures.

For seismic analysis, SASSI calculates time history responses (of a coupled 3-dimensional finite element dynamic
model of the soil and building) due to time history input motion at the free field using the Fast Fourier Transform method.
The input acceleration is applied in one direction only within each run while the response time histories (and stress time
histories) are in all directions. For example, for input motion applied in the X-direction, the time history responses will be
in the X, Y and Z directions. Co-directional responses are then combined outside of the SASSI computer program. The
accelerations obtained from the SASSI time history analysis result in 9 response components from the 3 directions of
seismic input. Combining these, using the 100%, 40%, 40% rule, and taking into account positive and negative phasing,
results in 2° or 512 combinations for each direction of earthquake excitation or 1536 combinations for three directions at
each response location. Evaluation of this large number of response combinations becomes prohibitive for large-scale soil-
structure interaction models.

This investigation was initiated to determine the feasibility of using a reduced set of seismic response combinations
due to three component earthquake input. Two buildings were analyzed rigorously to obtain the full suite of responses.
Responses were then recalculated using reduced set of spatial combinations to confirm the proposed simplified
methodology. It was shown that, for regular buildings, two reduced sets of combinations are adequate, based on
conservative phasing assumptions. These reduced sets are 24 in number for above ground structures (slabs, walls and
frames) and 96 for exterior walls below grade. Comparison of responses from the 1536 combinations with those from the
reduced sets, for all locations in the two buildings, resulted in a maximum response exceedance of less than 5% in most
cases.

1.0 INTRODUCTION

Seismic responses generated for nuclear safety-related buildings by codes such as SASSI (Ref. 1) for the design of
reinforced concrete and structural steel members require consideration of three components of the earthquake motion. To
properly account for the responses of systems subjected to the three-directional excitation, a statistical combination is used
to obtain the total response according to either the square-root-of-the-sum-of-the-squares (SRSS) criterion of Regulatory
Guide 1.92 (Ref. 2) or the Load Factor method (100%, 40%, 40%) of ASCE 4 (Ref. 3). Either method, applied to the
responses associated with the three components of earthquake ground motion, is used for seismic stress computation for
steel as well as for resultant seismic member force computations for reinforced concrete design.

For seismic analysis, SASSI calculates time history responses (of a coupled 3-dimensional finite element dynamic
model of the soil and building) due to time history input motion at the free field using the Fast Fourier Transform method.
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The input acceleration is applied in one direction only within each run while the response time histories {(and stress time
histories) are in all directions. For example, for input motion applied in the X-direction, the time history responses will be
in the X, Y and Z directions. Co-directional responses are then combined outside of the SASSI computer program.

The accelerations obtained from the SASSI time history analysis results are:

X-directional excitation: X,, Yy, Z, (Horizontal - EW)
Y-directional excitation: X,, Y,, Z, (Vertical - Y)
Z-directional excitation: X,, Y,, Z, (Horizontal - NS)

where X,, for example, is defined as the acceleration in the X-direction due to excitation in the y direction. Combining
acceleration responses for the above 9 components using the 100%, 40%, 40% rule, and taking into account positive and
negative phasing, results in 2° or 512 combinations for each direction of earthquake excitation or 1536 combinations for
three directions at each response location. Evaluation of this large number of response combinations becomes prohibitive
for large-scale soil-structure interaction models and clearly, a more simplified but justifiable methodology, suitable for
application to design, is needed. This investigation considers reduced sets of co-directional response combinations for
determining the seismic design forces.

2.0 CO-DIRECTIONAL RESPONSE COMBINATIONS — ABOVE GRADE WALLS AND SLABS

As discussed above, for locations within arbitrary buildings subject to general three-directional seismic input,
applied one direction at a time, 9 separate seismic acceleration responses apply:

Horizontal X-Excitation: X, , Yy, Zx
Vertical ~ Y-Excitation: X, , Yy, Z,
Horizontal Z-Excitation: X,,Y,, Z,

When these acceleration responses are combined by the Load Factor method, with +/- phasing taken into account,
the result is 3 x 2° = 1536 total combinations for displacement or stress responses, R,, Ry, and R;:

Ri=(x X2 YxZ)+04(£X,2Y,+Z)+04 (X, 2Y,£Z,) (512 Comb.)
Ry=04(FEX 2 Y,z Z)+ X, £Y 2 Z2)+ 04 (X, + Y+ 7Z,) (512 Comb.)

R, =04 (X, + Y+ Z)+04 (X, 2 Y, +Z)+ (X, +Y,+Z,) (512 Comb.)

or, re-arranging,

Ri= (X £ 04X, £ 04X,) + (£Y, £ 04Y, + 0.4Y,) + (+Z, + 0.4Z, + 0.4Z,) 1)
Ry=(#04X,+ X, +04X,) + (0.4Y, + Y, + 04Y,) + (£0.4Z, + Z, + 0.4Z,) 2)
R,= (04X, + 04X, + X,) + (+0.4Y, + 04Y,+ Y,) + (£0.4Z, + 0.4Z,+ Z,) (3)

These 1536 combinations constitute the rigorous method for combining co-directional seismic responses.
The critical seismic response occurs when co-directional accelerations act in the same direction. As such, the 1536
load combinations of the rigorous method can be reduced to the following 24 critical load combinations:

R, =+ (X + 0.4X, + 0.4X,) + (Y, + 0.4Y, + 0.4Y,) + (Z,+ 0.4Z, + 0.47,) @)
R, =+ (0.4X, + X, + 0.4X,) + (0.4Y, + Y, + 0.4Y,) + (0.4Z,+ Z, + 0.4Z,) (5)
R, =+ (0.4X, + 0.4X, + X,) + (04Y, + 0.4Y, + Y,) + (0.4Z, + 0.4Z, + Z,) (6)

where, each of equations 4 to 6 consists of 8§ combinations, thus resulting in a reduced number of 24 combinations to
account for maximum seismic loads.

3.0 CO-DIRECTIONAL RESPONSE COMBINATIONS — BELOW GRADE WALLS

Below grade walls may be subject locally to large lateral dynamic soil pressures. Since lateral dynamic soil
pressure always resists the primary seismic inertia load (i.e. acts in the opposite direction), the min/max combined response
of below grade walls may not occur when all co-directional terms act in the same direction (i.e., for the critical seismic 24
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load combinations). In addition, the dynamic lateral pressure due to +X (or +Y) excitation applies to different wall locations
for excitation in —X (or —Y) direction. Therefore, four separate load cases are required for horizontal excitations:

H,"= Dynamic lateral soil pressure applied in —X direction due to excitation in +X-direction
H, = Dynamic lateral soil pressure applied in +X direction due to excitation in -X-direction
H, = Dynamic lateral soil pressure applied in —Z direction due to excitation in +Z-direction
H =

. = Dynamic lateral soil pressure applied in +Z direction due to excitation in —Z~direction
Let +X =+ X, +H," Q)
"XXH = - Xx + Hx (8)
+ZA=+ 7, +H,' ©
ZM=-7,+H, (10)

In general, the primary seismic lateral inertia forces are greater than the dynamic soil pressure. The
critical load combinations for considering dynamic soil pressure effect can be obtained by substituting Eq. 3 into
Eq. 2 as follows:

R, =+ (X, + 0.4X, + 0.4X,) + (Yo + 0.4Y, + 0.4Y,) + (Z+ 0.4Z, + 0.4Z,%) (11)
Ry =+ (04X, + X, + 0.4X,) + (0.4Y,+ Yy + 0.4Y,) + (0.4Z,+ Z, + 0.4Z,%) (12)
R, =+ (04X + 0.4X, + X,) + (0.4Y, + 0.4Y,+ Y,) + (0.4Z, + 0.4Z, + Z,) (13)

Since lateral dynamic soil pressure always resists the primary seismic inertia load (i.e. acts in the opposite
direction), the min/max combined response of below grade walls may not occur when all co-directional terms act in the
same direction (i.e. critical seismic 24 load combinations). For this case, the following provision applies:

When the absolute value of the section force (or moment) due to dynamic lateral soil pressure (H,', H,", H,", or H,)
is greater than the force due to the primary lateral inertia load (X, or Z,), dynamic soil pressure dominates and the number of
critical load combinations become 96 as follows:

Ry = X+ (0.4X,+ 0.4X,) + (Y + 0.4Y,+ 0.4Y,) + (Z;+ 0.4Z,) + (0.4Z,") (14)
R, =+ (0.4X,") £ (X, + 0.4X,) + (0.4Y,+ Y, + 0.4Y,) + (0.4Z,+ Z,) + (0.4Z,") (15)
R, =4 (0.4X") £ (04X, + X,) £ (0.4Y,+ 04Y,+ Y,) + (0.4Z,+ 0.4Z,) + Z,* (16)

Equations 14 through 16 each represent 2°=32 combinations, thus resulting in a total of 96 combinations when
lateral soil pressure is present. This is a local effect only and does not apply to global response. Overall structural response
is governed by the critical 24 load combinations in Equations 4 to 6 or Equations 11 to 13.

4.0 VALIDATION OF THE PROPOSED METHODOLOGY FOR CO-DIRECTIONAL RESPONSE
COMBINATIONS

SASSI analyses for two buildings, Building A and Building B, were used to validate the proposed methodology.
Both buildings are comprised of a concrete structure with steel superstructure as shown in figures 1 and 2. The dimension of
building A is about 250ft wide by 5601t long, 120ft tall above grade and 45ft below grade. The building B is about 270ft
wide by 4501t long, 125ft tall above grade and 20ft below grade.

The mathematical model of building A consists of about 7000 joints, 8000 plate elements for walls and slabs, and
5000 beam/column element for the steel superstructure. The building B consists of about 6000 joints, 5000 plate elements
for walls and slabs, and 3000 beam/column element for steel superstructure.

These two structures were first analyzed for soil-structure interaction with SASSI, using a coarser finite element
model. The maximum nodal accelerations were obtained considering the responses from all three directions of input
motion. Due to the layout of the two buildings, the eccentricity between the center of mass and center of rigidity at each
floor levels is large. Consequently, the acceleration response components in the directions perpendicular to the excitation
direction arc significant. The nodal accelerations at each floor were reviewed and accelerations to be used in subsequent
equivalent static analyses were determined. These accelerations are applied all in the same direction, thus maximizing the
total lateral load applied to the structure.

Typical acceleration profiles from SASSI analysis which are used as input into the static equivalent analysis are
shown in tables 1 and 2, buildings A and B, respectively. As can be seen from Table 1, different accelerations were used in
segments of some floor levels in Building A. In the case of Building B, constant floor accelerations were used.
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Table 1: Building A - Seismic Inertia Loads - Design Accelerations (g)

Elevation X(E-W)-Excitation Y{(Vertical)-Excitation Z(N-S)-Excitation

{ft) X Y, Z Y Y, X, Y, Z

120 1.3/0.99 0.2 0.25 0.5 1.0/1.9/1.75 0.45 0.25 1.8/1.0
98 0.8/0.5 0.2 0.3 0.5 1.2/0.75/0.95 | 0.15 0.2 0.9/0.6
77 0.45 0.2 0.05 0.35 0.75 0.1 0.15 0.5

56 0.4 0.1 0 0.3 0.5 0.1 0.1 0.42
28 0.35 0.05 0 0.3 0.6/0.4/0.4 0 0.1 0.37

0 0.3 0.05 0 0.25 0.25 0 0.05 0.3
-21 0.3 0 0 0.2 0.2 0 0 0.3

-45 0.3 0 0 0.2 0.2 0 0 0.3

NOTES: (1) Y, values applicable at column and wall locations.

(2) Y, values applicable at floor and roof locations.
(3) Different acceleration values applied to different areas at same elevation.

Table 2: Building B - Seismic Inertia Loads - Design Accelerations (g)

Elevation X(E-W)-Excitation Y(Vertical)-Excitation Z(N-S)-Excitation
(ft) Xy Y, Z Y, Y2 X, Y, Z,
86 1.2 0.3 0.36 0.48 0.8 0.18 0.12 1.08
70.5 0.72 0.3 0.36 0.48 0.18 0.12 0.72
57 0.48 0.3 0.24 0.48 0.96 0.18 0.12 0.48
36 0.84 0.12 0.18 0.24 0.18 0.12 0.42
13823 0.72 0.12 0.12 0.24 0.18 0 0.42
0 0.3 0.1 0 0.2 0 0 0.3
-21 0.3 0 0 0.2 0 0 0.3
-31 0.3 0 0 0.2 0 0 0.3

NOTES: (1) Yy values applicable at column and wall locations.
(2) Yy values applicable at floor and roof locations.

From the acceleration values tabulated in Tables 1 and 2 for the two buildings, it is noted that there is no response
contribution to the horizontal components from the excitation in Y-vertical direction.. Therefore, the general 9 components
are reduced to 7 components, i.e. Xy, Yy, Zy, Yy, Zy, Zy, Z,. The full set of 1536 load combinations is reduced to 384 (3x27
load combinations. The critical sets of 24 and 96 load cases remain the same. In the process of validation, structural
analyses of the two buildings are first performed for the seven components of seismic inertia loads and the four lateral
dynamic soil pressures. Member forces and element stress resultants are then transferred to spread sheets. Excel is used to
perform load combinations for full 384 load cases. The envelope force components of the full load cases are checked
against the set of 24 load cases. If a maximum/minimum force component is not within the 24 load cases, then it is checked
against the 96 load cases for dynamic lateral pressure effects.

Tables 3 to 6 show the comparisons of force components between full 384 load cases and the set of 24 critical load
combinations. In building A, all force components of the steel structure and concrete walls are basically enveloped by 24
load cases as shown in Tables 3 and 4. Table 3 provides a comparison of the steel forces and Table 4 for reinforced concrete
sections. The maximum difference is 7% in in-plane shear force due to relatively large dynamic lateral soil pressure.
However, all force components not within the LC 24 are enveloped by the set of LC 96.

Tables 5 and 6 are summaries of comparison for concrete walls of building B, both for concrete walls. Table 5
considers only the seismic loads with dynamic lateral soil pressure. In general, all maximum/minimum force components
are within LC24. Some force components with small values have larger differences in ratios such as maximum shear Vz in
item 7. However, all force components are basically within the LC 24 when the seismic loads combined with static loads as
shown in Table 6.
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