THE EARTHQUAKE RESPONSE OF PRESTRESSED CONCRETE
STRUCTURES WITH NONSTRUCTURAL
INTERFLOOR ELEMENTS

by Richard A. Spencer(I)

SYNOPSIS

The effect of nonstructural interfloor elements on the nonlinear
earthquake response of a twenty story prestressed concrete frame structure
is discussed. The idealized elements can have either yielding or essentially
linear hysteretic behaviour, and can be included at any story level. Twelve
comparative studies suggest that the elements can control interstory drift
effectively, and have little effect on total story shear forces.

INTRODUCTION

Many studies have been made — e.g.: (1), (2), (3), (4) — of the non-
linear response of tall structures subjected to earthquake excitation. In
these studies the columns and girders are generally assumed to be able to
yield, so that they dissipate considerable energy during the earthquake. In
addition, viscous damping is often included to take account of the additional
energy dissipation assumed to occur in other structural and nonstructural ele-
ments.

However, there is evidence that most damping in structures is essentially
frequency independent, (5), (6), (7), and therefore, is not correctly repre-
sented by viscous damping. In this study nonlinear response parameters are
discussed for a prestressed concrete structure with nonstructural interstory
elements, which stiffen the structure and have force-deflection properties
which are independent of frequency.

STRUCTURE ANALYZED

The twenty story structure analyzed (see figure 1) was originally designed
by Clough, Benuska and Lin (2). Member flexural rigidities were specified in
terms of a reference value, EI, = 133,500 Kip. ft2 (see Table 1), which gave a
natural period of 2.2 seconds. An analysis was then made to find the "design"
moments resulting from static application of code (8) horizontal and vertical
design forces. For the prestressed concrete version studied here, cracking
moments were taken as twice the design moments for the girders, and six times
the design moments for the columns. The same structure has been studied before
by the author (4).
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PRESTRESSED FRAME MEMBERS

The form of the idealized end moment-end rotation (Mg - 6.) hysteresis
loops used for the prestressed concrete columns and girders is shown in
figure 2. They are based on experimental results (6) for the load case of
equal end moments producing reversed curvature. Each loop is defined by the
stiffness, S;, of the member with all cracks closed by prestress, and four
other parameters defined as shown in figure 2: the cracking moment, Mq; the
stiffness reduction factor, p; the reversal stiffness factor, py; and the
loopwidth factor, 2. Values used here were: for the columns, p = 0.5 and
% = 0.05; and for the girders, p = 0.2 and £ = 0.2, These values reflect
the higher ratio of cracking to design moment for the columns. It is assumed
that reversal can occur at any value of 6, with pp = 2.0 in all cases.

The model member used to represent each prestressed frame member is de-
scribed in detail elsewhere (9).

VISCOUS DAMPING

To find some energy dissipation values it was necessary to let the
structure come to rest after the earthquake excitation ended. A small amount
of mass proportional viscous damping was included to bring the structure to
rest in a reasonable time. Taking the fraction of critical damping, &, as
0.005, ensured that the viscous force acting on any floor never exceeded 1 Kip,
which was small in comparison with other forces acting.

NONSTRUCTURAL ELEMENTS

Nonstructural interstory connecting elements were used to try and model
the effect of partitions, walls etc., on the response of real structures.
Because there is little experimental evidence available on the behaviour of
such elements under earthquake loading, idealized elements were used here.
Each element was assumed to be able to resist relative interstory displace-
ments (drift) by exerting equal and opposite horizontal forces on adjacent
floors.

A Ramberg-Osgood function, with an appropriate hysteresis law, was used

to define the force-deformation hysteresis loops on which the element loops
were based. The equation of the skeleton curve (figure 3) can be written:
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where x is the interstory drift, f is the force exerted on the floors, Xy
and f, define 'yield values", a is a positive number, and r is a positive,
odd, integer.

The equation of the two branch curves originating at Pj(x;, f;) and
-P1(-x1, -f1) on the skeleton curve, and forming a closed hysteresis loop
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(see figure 3) is:

_2;};._=_2T,__

The hysteresis law is illustrated in figure 4. Loading always begins
along the skeleton curve, and the first reversal at P defines a minimum and
a maximum curve. These are branch curves originating at Py and -P) respective-
ly. The maximum and minimum curves become tangent to the skeleton curve at
P and -P; respectively.

If the second reversal, at Pp, occurs before the point -P3 is reached, the
maximum and minimum curves become boundaries for the force-deformation behaviour.
Tf a branch curve subsequently intersects the maximum or minimum curve, further
loading is along that curve until the next reversal occurs, or loading proceeds
beyond P; or -P;. In the latter case loading then proceeds along the skeleton
curve, until the next reversal (at P3) defines new minimum and maximum curves
originating at P3 and -P3. These become the new boundaries for the force-
deformation behaviour until loading proceeds beyond P3 or -P3.

It should be noted that an ascending branch, originating anywhere inside
the loop formed by maximum and minimum curves, will (if there is no reversal)
always intersect the maximum curve, and never the minimum curve.

In this analysis the elements were assumed to be linear during successive
small time increments, and their force-deflection properties were represented
by continuous, piece-wise linear loops, which had the same gradient as the
curvilinear loops at the start of every time interval. The forces vary some-
what from those defined by the curvilinear loops and the hysteresis law, but
the variation is small when the time increment is small. The Newton-Raphson
iterative technique was used to solve the Ramberg-Osgood equation after each
time interval.

Two basic loops were used to describe the nonstructural elements (see
figures 5(a) and 5(b)). The loops with r = 11 and o = 0.2 represented yield-
ing behaviour with considerable energy dissipation. Those with r = 3 and
o = 0,01 represent more nearly linear force-deformation behaviour.

Values of fy were taken as 30 or 60 Kips (except in one case). Since
the structure has a three bay frame, elements with "yield strengths" of 10
or 20 Kips in each bay would give the assumed values of fy. These yield
strengths should be attainable with real elements. Values of were taken
as 0.1 or 0.5 inches to represent "hard" and "soft" elements.

It must be noted that there is no provision for the loss of stiffness
and strength which most yielding elements would suffer if x/x, greatly ex-
ceeded one. Thus in some cases studied here, the idealization is probably
rather unrealistic. However, the yielding behaviour assumed could result
from elastic element deformation, followed by slip rather than yielding,
which would not necessarily result in damage.
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NONLINEAR EQUATIONS OF MOTION

The nonlinear equations of motion were solved using a step~by-step inte-
gration technique, with the structure assumed to remain linear during each of
a series of time increments. Deformations were checked at the end of each time
increment, and the stiffness matrix was changed if necessary to reflect the
nonlinear behaviour of the members and elements. The time increment was 0.005
seconds.

The foundation of the structure was assumed to be rigid and torsion was
neglected. Masses were concentrated at the floors, which moved only hori-
zontally and contributed no stiffness.

EXCITATION

The excitation used was the first 8 seconds of the N-S component of the
1940 El. Centro earthquake. This record has a peak acceleration of 0.32g,
which occurs 2 seconds after the start of the record.

RESULTS PRESENTED

This study is concerned with the effect of nonstructural interfloor ele-
ments on response. The response parameters of greatest interest are the
maximum values of: the interstory drift; the story shear force in the columns,
Ve, and in the nonstructural elements, V,; and the total story shear, V., where:

Vt=Vc+Vn

Even although the two maxima which are summed to get Vi may not occur simul-
taneously on any given floor, values of V; do suggest adequate total story
shear capacities for an El. Centro type earthquake. Figure 14 shows some
values of V., and the envelope inside which all the values lie.

Cumulative totals for energy dissipated by the columns and girders, Dg,
the nonstructural elements, Dp the viscous dampers, Dy, and the total structure,
D¢, are also discussed. The presence of nonlinear elements — structural and
nonstructural — makes it impossible to predict how much of the energy stored
in the nonstructural elements can be regarded as dissipated when the excitation
ends, (and energy input ceases), and how much can be regarded as recoverable
strain energy. In this study D, was found by continuing the step-by-step inte-
gration until every story underwent a displacement of less than 0.0005 in.
during a time interval.

In a real structure, energy dissipation is usually associated with local-
ized damage to the elements involved. On the other hand, dissipation of energy
might be expected to reduce the amplitude of the vibrations that build up during
an earthquake, and so reduce damage due to large deformations. The prestressed
structural elements assumed here, which do not yield when their stiffness falls
due to cracking, can dissipate energy without being damaged. However, as already
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mentioned, it is probable that real nonstructural elements would suffer seri-
ous damage if called upon to dissipate significant amounts of energy by
yielding.

The total energy input to the structure, E;, was also computed. It will
be seen that high values of Ej are associated with large maximum displacements —
both interstory and absolute — regardless of whether or not there is a large
total energy dissipation, D,.

Maximum values of the nonlinear deformations in the nonstructural elements,
(X/xy)max’ are tabulated to indicate likely damage, and whether or not the ele-
ment modelled is realistic. Nonlinear member deformations are measured by
maximum values of the ductility factor, u, defined as:

= Bmax (if Bmax < 8¢, 61 = 6¢)
83 ( Omax > 6¢c, 81 = 6y)

where 8¢ is defined in figure 2.

Maximum values of base overturning moment, Mp, and the compressive force
at the base of the exterior column, Fe, result from dynamically induced moments
and shears, not gravity or dead load effects. Values of maximum displacement
at the 20th story, Upg, and the maximum story acceleration, A, are also tabu-
lated.

Because of the simplifying assumptions and idealizations that are neces—
sary, an analysis of this type may not give accurate quantitative predictions
of structural response. However, by comparing results for different structures,
it is possible to understand the qualitative effect of various structural changes
on response.

DISCUSSION OF RESULTS

The structure was analyzed eleven times with varying combinations of
nonstructural elements, (and once with none). One of these structures had
reduced column cracking moments. Structural properties are summarized in
Table 2.

Structure 1 had nonstructural elements at every story, defined by
fy = 30 Kips, Xy = 0.1 in., r = 11 and o = 0.2, (see Table 2). Thus these
elements were relatively stiff, with a well defined, relatively low yield point.
This structure had mass proportional viscous damping with &= 0.005, and its
response is compared first with that of structure 2, which was identical except
that there was no viscous damping. The relatively small effect of this damping
can be seen from figures 6 and 10, and from Tables 3 and 4. All structures ex-
cept structure 2 had £y = 0.005. Viscous energy dissipations are shown in
Table 3.

The interstory drifts for structure 1 (figure 6), when compared with those

obtained for a version of the structure with elasto-plastic members, &y = 0.10
and no nonstructural elements (4), are generally somewhat larger, and have a
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different distribution with respect to height. However, the largest drift
for structure 1 is only 0.06 inches greater than that for the elasto-plastic
structure, so on this basis their performances appear to be equally satis-—
factory.

Structure 3 had no nonstructural elements. Interstory drifts (figure 6)
were much higher than for structure 1, and higher than those of any other
structure. The story shears in the columns, V. (figure 10) were also the
highest recorded, but they were no greater than the total story shears, V¢,
for some of the other structures. Values of Dg, Dy and E; (Table 3), and Mp,
Fc, and Uy (Table 4), were also the highest recorded.

Structure 4 was similar to structure 1, except that all the nonstructural
elements were softer, having Xy = 0.5 in. instead of 0.1 in. This resulted in
interstory drifts that were greater at every floor than those for structure 1
(figure 6), although they were less than those for structure 3. Story shears
in the columns were greater than those for structure 1, (figure 10) and total
story shears were comparable with the column story shears for structure 3.

In spite of the higher interstory drifts, the use of xy = 0.5 for structure
4 gives (x/xy)max = 3.16 (compared to 13.6 for structure 1), (Table 4). It is
possible that real elements might be able to withstand several cycles of load-
ing of this severity without undue loss of strength.

The overturning moment at the base, My = 91 x 103 Kip. ft., and the
dynamically induced compression in the exterior base column, Fe = 1412 Kips.,
were both relatively high. The dead load contribution to My found by simul-
taneously giving each story its maximum lateral displacement was less than
60 x 103 Kip. ft., so that from this point of view lateral displacements of
about 20 inches at top of the structure are not excessive. Since the static
moment required to overturn the structure (dead load only) is 154 x 103 Kip. ft.,
M, is probably not dangerously high, and it is Fc which is more significant.

The compression in the exterior base column due to the static application
of dead plus live loads is 1100 Kips., and the application of Code (10) lateral
forces, (with no reduction factor for overturning moment) adds only another
340 Kips. Thus this analysis suggests that exterior columns for this structure
could be seriously underdesigned by static design methods. Note that even for
structure 1, F, = 1254 Kips.

The maximum story acceleration was A = 1.27g, (recorded at the l4th floor),
whereas the Code (10) assumes that lg is a reasonable maximum. For structure 1,
A was only 0.6l4g.

There appear to be severe consequences for the structure when the stiffness
of the nonstructural elements is reduced.

In structure 5 the nonstructural elements had hysteresis loops described
by r = 3, o = 0.02 (see figure 5(b)). Their stiffness was the same as those in
structure 1, i.e.: fy = 30 kips. and Xy = 0.1 in. The interstory drifts for
this structure (figure 7) are generally much less than those of structure 1.,
and have a maximum of only .78 in. However, this implies that (x/xy)max = 7.8,
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and the story shears in the nonstructural elements are correspondingly high
(figure 11). The energy input is higher than for structure 1, and the energy
dissipation is less, (Table 3), but the more nearly linear nonstructural ele-
ments are more effective in controlling deflection than the yielding elements
of structure 1.

It is worth noting that diagonal bracing wires with the required stiff-
ness and adequate strength, could be designed to replace the nonstructural
elements assumed in structure 4. However, diagonal bracing of this type
could contribute axial compressive forces to the exterior columns on one side
of the structure, which could sum to a value comparable to F, under some con-
ditions. Thus careful checking of the exterior column capacities would be
required before such bracing was used. There are also likely to be archi-
tectural reasons for not incorporating bracing of this type.

Structure 6 was similar to structure 5, except that xy was increased
from 0.1 to 0.5, making the nonstructural elements less stiff, but still line=-
ar rather than yielding. Whereas interstory drifts for structure 5 were
generally less than those for structure 1, those for structure 6 were all
greater (figure 7). Story shears in the columns, V., were also greater than
for structure 5 (figure 11), and total story shears were the highest of any
structure at some stories (figure 14). The maximum story acceleration of
1.31g on the 15th floor was also the highest value found.

Because (x/xy)max was equal to 3.36, the hysteresis loop was always small,
and the nonstructural energy dissipation, D, = 24 Kip. ft., was the lowest re-
corded. The combination of low stiffness and small energy dissipation results
in nonstructural elements which are relatively ineffective in controlling
response.

Structure 7 had columns with cracking moments reduced from six times to
twice the design moments, and Mg - 08¢ loops the same as those for the girders
(p = 0.2, & = 0.2). This represents a more practical prestressed design, and
the nonlinear deformations were generally greater in the columns than in the
girders. (In the other structures cracking in the columns was generally re-
stricted to the first story, and the results would have been little different
if the columns had been plain reinforced concrete.)

The nonstructural elements were the same as for structure 1, and inter-
story drift was very similar for both structures (figure 7). The story shears
in the columns of structure 7 were all slightly lower than those of structure
1, (figure 11) and the total story shears for the 8th to the 20th story were
the lowest found. In general, reducing the column cracking moments is seen
to have little effect on the response, which is generally similar to that of
structure 1, and is thus satisfactory when compared to the elasto-plastic
structure mentioned previously (4). Note, however, that (x/xy)max was nearly
15 for both structure 1 and structure 7, so that there must be some reser-
vations about the modelling of the nonstructural elements.

Structures 8, 9 and 10 had no nonstructural elements stiffening the first
5 stories. The remaining 15 stories of structure 8 had the same elements as
structure 1 (see Table 2). The interstory drifts (figure 8) were somewhat
greater than for structure 1 over most of the height of the structure, and
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were not noticeably exaggerated for the lower stories. The story shears
(figure 12) were much the same as those for structure 1.

In structure 9, f, was increased from 30 to 60 Kips. Since remained
0.1 inches, the stiffness was effectively doubled. These elements were
effective in reducing interstory drift above the S5th story, and although inter-
story drift was higher in the first five stories, the maximum value was still
less than that for structure 1 (figure 8). Story shears in the columns, were
predictably lower, and those in nonstructural elements higher, than in structure
1 (figure 12). However, their sum, Vi, was not very different from that for
structure 1,

Structure 10 had fy increased to 300 Kips., with x¥ = 0,1, Thus these
elements were ten times as strong and ten times as stiff as those in structures
1 and 8. In fact these elements would transform the structure into a bending
structure, for which the nonlinear analysis is no longer strictly valid. The
results are still of some interest, however. Firstly, they show interstory
drifts in the first five stories which are not particularly high compared to
those of the other structures. And secondly, the sum of the story shears, Ves
was similar to that of the other structures.

The conclusion for structures 8, 9 and 10 seems to be that lower stories
which are more flexible than the rest of the structure do not lead to excessive
shears and deflections in those stories.

Structure 11 was similar to structure 1, except that the nonstructural
elements were removed for stories 9, 10, 11 and 12. The interstory drift was
similar to that of structure 1 at the top and bottom of the structure, and
larger from the 6th to the l4th story (figure 9). Other response parameters
were generally a little larger than those of structure 1, but the increases
suggest no serious consequences as a result of the more flexible middle section
of the structure.

Structure 12 had nonstructural elements similar to those of structure 1
(f, = 30 Kips., %, = 0.1, r = 11 and o = 0.2), but incorporated at the 5th,
StK, 11lth, 14th and 17th stories only. These elements were ineffective in
reducing the interstory drift, which at some stories was nearly as large as
for structure 3, which had no nonstructural elements at all. Other response
parameters (Table 3) were all relatively high.

CONCLUSIONS

The following conelusions, which apply only to the structures studied,
can be drawn:

1. The nonstructural interstory elements can be very effective in
reducing interstory drift.

2. Nonyielding elements with low energy dissipation tend to be more
effective than yielding elements which dissipate more energy.
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10.

3. Varying the nonstructural elements has little effect on the
total story shears.

4., Omitting the elements in a few stories has no severe conse-
quences.

5. Compressive forces in the lower story exterior columns, and
maximum story accelerations, appear to be higher than assumed
in practice.
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TABLE 1: RELATIVE FLEXURAL RIGIDITIES
OF STRUCTURAL MEMBERS TABLE 3: ENERGY VALUES (CUMULATIVE TOTALS)
ENERGY DISSIPATED (Kip. ft)
E1/E1, Energy
st Level Structure Cols. and Nonstruc. Viscous Total Input
oxy; Levels Columns No. Girders Elements Dampers (Rip. ft)
Girders D D D b E,
Exterior Interior = & M ¢ :
20-18 i 555 o0 1 274 339 37 650 1080
17-15 1.5 3.0 6.0 2 204 352 - 636 1090
14-12 3.0 6.0 3 720 = 127 847 2050
Lo w 573 8.0 4 ‘ 457 167 J 7 695 1455
s .6 12.0 5 } 309 118 ) 34 461 1200
e 526 20.0 6 592 2% [ 95 7 1805
{ 10.0
5ei 12.0 1.0 7 295 350 41 686 1140
—_— —
8 339 297 52 688 1260
9 248 327 34 609 1040
10 222 108 25 355 1215
1 334 307 48 689 1220
12 516 174 83 773 1630
TABLE! 27 DET‘;SESE%}{N‘;g;gggggML ELENENTS TABLE 4: MAXIMUM VALUES OF VARIOUS RESPONSE PARAMETERS
E: ~ 1
S rncture Yield Yield Ramberg-Osgood Location Structure | Element |Ductility Factor | O'turning TopAStoryl Story
oeure fpy e piep. b No. Def. u Moment Disp. | Accel.
| L. (x/x) (Kip.frx103) (i) (g)
] ——————{ Elements v max | '8
U tyss) | yctactiee . N Column | Girder veo | oA
13.6 1.87 | 2.63 0.61
30.0 0.1 1 0.2 jal .
L 1 Stortes 1 e 8 82 16.87 | O 2L
, 14,09 1.89 | 2.64 0.62
0. 0. 1 0.2 a .
2 30.0 1 11 Stories 2 7 & o 84 15.52 | o
1.95 | 3.50 1.22
3 None 3 iy e 100 6.9 | ;22
3.16 1.95 | 2.93 1.27
4 30.0 0.5 1 0.2 | ALl Stordes 4 0 v i 91 192 | LB
) 7.8 0.91 | 2.1 0.88
5 30.0 0.1 3 0.01 | A1l Stories 5 5 o o 63 9.16 | 058
. 3.36 1.88 | 3.11 1.31
6 30.0 0.5 3 0.01 | Al1 Stories 6 - 5 % 92 20.66 | 3
14.84 3.91 | 2.54 0.83
7 30.0 0.1 1 0.2 | all Stort 7 7 X
ories o 2 PR 7 16.85 A
15.53 2.02 | 2.88 0.69
8 30.0 0.1 1 0.2 | stortes 6-20
e 8 o s o 91 .07 | 008
.66 | 2.01 | 2.85 0.54
9 60.0 133 4 11 0.2 Stories 6-20 9 78 A
() | W B2 17
10 300.0 0.1 11 0.2 Stories 6-20 1 Jeld 186 | 2.46 0.56
0 & o s 47 s.63 | 9508
Stories 1-8 14.6 1.87 | 2.79 0.78
1 30.0 0.1 1 0.2 .
and 13-20 & i) It @) i 1737 | sy
f
Stories 5, 8, 15.6 1.98 | 2.98 1.05
12 30.0 0.1 11 0. ,
! 20, 1 e 17 12 1) ) ©) 25 I 20 (14)
PRI

*Story where this value occurred
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