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SUMMARY

Various research projects in earthquake engineering are now in prog-
ress at The University of Michigan. Descriptions of most of these projects
are given here.

SATURATED AND UNSATURATED NONLINEAR SOIL DYNAMICS
(V.L. Streeter and E.B. Wylie)

Numerical modeling in soil dynamics has progressed in two areas:
nonlinear, hysteretic behavior for one-dimensional layered soils in the
presence of shear waves, and analysis of potential liquefaction of loose
saturated soils, including inelastic densification, when subjected to
seismic events. The response of the liquid in multi-dimensional fluid-
structure interaction problems has also been addressed, and improved
modeling techniques developed (9). The method of characteristics is used
in all phases of themodeling process inasmuch as it has been demonstrated
to be a reliable procedure when treating wave propagation problems.

The program CHARSOIL (7) has been tested and updated to better
handle shear wave propagation and inelastic deformations in horizontal
or nearly horizontal layered soils (5,6). The soil behavior is described
by the basic equation of motion and a nonlinear shearing stress-shearing
strain deformation law. During the time~domain modeling of the hysteretic
behavior an accounting of energy added to the system is balanced against
energy dissipated and residual energy stored. This check on energy con-
servation provides an evaluation of the accuracy of the results of the
simulation (8). Current studies are aimed at further improvements and
more generalizations in the modeling proceaure (6).

A three dimensional axisymmetric problem involving the dynamic
motion of a circuiar footing resting on the soil surface has also been
modeled numerically (1). Torsional pulses are applied to the footing
which generate a shear wave field in the soil mass. Results from the
numerical model of the three dimensional axisymmetric case (two spatial
dimensions) correlate well with experimental records during nonlinear
soil behavior.

A numerical model has been developed to investigate potential
liquefaction in one and two-dimensional saturated non-cohesive soils (2,3 ,4).
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The one-dimensional model couples two submodels that simulate shear wave
propagation through the pore-water. The coupling is achieved by use of
the following relationship governing volumetric deformation,

+ Ae
V.

S

A::v = Asv -

in which A€y, = net volumetric deformation, Ae = inelastic densification
induced by particle rearrangement of the solid structure, and Aevr =
elastic rebound induced by the relaxation of the solid structure. Em—
pirical relations, that contain parameters that may be determined from
experimental data, are used to describe rebound and densification be-
havior. The model offers the following unique features: it preserves
the inelastic character of the soil; it introduces the pore-water seepage
and pore-water pressure development through the fundamental equations of
continuity and motion for the water; and it associates the pore-water
pressure changes with the inelastic deformations of the solid matrix of
the soil. The analytics behind the numerical procedure are relatively
straight—-forward, and the program execution is cost efficient.

A two-dimensional version of the liquefaction model (2) accounts
for pore-water movement in two directions, although limited to vertical
shear wave propagation and soil densification. It offers an opportunity
for a more realistic simulation of in-situ conditions when lateral
variations in soil properties need to be included, or in cases where
lateral boundaries may play an influential role in pore pressure develop-
ment.

SOIL DYNAMICS ~ GEOTECHNICAL ENGINEERING
(F.E. Richart, Jr. and R.D. Woods)

Research on the dynamic properties of cohesive soils includes
studies of the time-durations of loading on the shear modulus and ultimate
shearing strength. By use of four types of resonant column devices (10),
the shear modulus can be evaluated for both low and high shearing strain
amplitudes while the sample is undergoing various stress histories. The
stress histories are developed by variations of the static stress ratios
(Ko effect) during preconsolidation of the sample and during dynamic
testing, and by the dynamic loading patterns during high and low stress
applications. The shape of the dynamic loading pattern determines what
part of the total stress history developes high strain levels in the
sample, and what part is essentially a "rest" period.

Previous work (11,12) have shown that cohesive soils develop a time-
dependent increase in shear modulus under constant static stress con-
ditions. This effect has been designated as the "secondary time effect"”
and some data have been collected on the magnitude of this increase in
shear modulus with time. Also a thixotropic regain of low amplitude
modulus was observed after a sequence of high strain amplitude vibrations
had been applied to the sample. Thus, evaluations of the modulus (strength)
reductions during dynamic straining, and subsequent modulus increase
during rest period are being correlated with the creep, relaxation, and
Viscoelastic parameters of prepared and natural cohesive soils. This
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sponsored investigation began in the summer of 1979 and is expected to
continue for three years.

Research on the dynamic behavior of piles subjected to lateral
loadings was initiated through laboratory studies (13,14) on model piles
and has continued by testing full-scale piles in the field. In addition
to establishing the dynamic response of the piles under various load
conditions, special care was taken to determine the variation of soil
shear modulus with depth at each site by use of the cross-hole method.

A total of nine piles have been included in this study, and it is expected
that the results will become available in the latter part of 1980.

REINFORCED CONCRETE BEAM TO COLUMN CONNECTIONS
{J.K. Wight)

One current and twe prior investigations at T.,2 University of
Michigan have studied the behavior of beam to column connections under
large cyclic load reversals.

Lee et al. (15) studied the behavior of external beam to column
connections with varying amounts of transverse reinforcement within the
connection. Their results indicated that for certain connections, a much
smaller amount of transverse reinforcement could be used than was cur-
rently recommended (12). The primary reason for this disérepancy was the
large ratio of the sum of the column flexural capacities to the sum of
the beam flexural capacities at the connection. For scme of Lee's
specimens this flexural strength ratio was almost 4.0, while the current
recommendations were based on results from connections tests where this
ratio was between 1.0 and 2.5.

Starting with the assumption that it is desireable to have any in-
elastic behavior at a beam to column connection located in the beam(s)
adjacent to the connection, Scribner and Wight (17) studied the use of
intermediate layers longitudinal reinforcement to imporve the shear be-
havior in the flexural hinging zone of the beam. Test results indicated
the effectiveness of the intermediate reinforcement layers depended on
the level of shear stress in the beam. The intermediate reinforcement
was most effective for beam shear stress levels from 0.25 to 0.50 viE,MPa
(3 to 6 YE&,psi). Below this range conventional reinforcement (top and
bottom only) was sufficient. Above this range the use of intermediate
reinforcement improved the behavior of beam specimens compared with
conventionally reinforced specimens, but the decrease in shear strength
and stiffness with cyclic load reversals was still judged to be too rapid.

The beam to column connection study now in progress is intended to
examine more closely the relationship between the flexural strength ratio
(mentioned previously) and the amount of transverse reinforcement required
for satisfactory behavior. Interior and exterior connections will be
tested and half of the test specimens will include a floor slab and
transverse beams in order to more realistically simulate a beam to column
subassemblage. For the exterior test specimens the flexural strength
ratio will vary from 1.1 to 2.0 and the transverse reinforcement ratio
(pt) will vary from 0.5 to 1.5 percent. For the interior specimens the
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flexural strength ratio will be held at 1.5 while the p¢ value is varied.
Another important variable when discussing the behavior of beam to column
connections is the level of shear stress within the joint. For this test
series the joint shear will be kept relatively constant between 1.33 to
1.67 VEi,MPa (16 and 20 V£},psi).

Twenty-four tests are planned. The data will then be compared with
similar test data from various research laboratories around the world.
The final goal will be to develop a design procedure which will give the
required amount of transverse reinforcement as a function of: 1. the
flexural strength ratio and 2. the level of shear stress in the connection.
This design procedure will be intended for reinforced concrete moment
resisting frames in zones of frequent and/or severe seismic activity.

HYSTERESIS BEHAVIOR OF STEEL MEMBERS
AND
EARTHQUAKE RESPONSE OF BRACE FRAMES

(S.C. Goel)

The study of hysteresis behavior of axially loaded steel bracing
members and earthquake response of braced frames has been in progress at
the University of Michigan since 1967. Earlier analytical work on
axially loaded members by Higginbotham, Prathuangsit and Singh (20,21,22),
and experiments on small size bar specimens by Kahn and Hanson (23) led
to the conclusion that effective slenderness ratio is the single most
important parameter affecting the hysteresis behavior of these members.
This concept was further verified by Jain (24) by using small scale
tube and angle specimens with welded gusset plates at the ends and
cyclically loaded in the axial direction. Jain and Goel (25) used the
results of these tests in order to formulate an empirical hysteresis model
which considers the reduction in compressive strength and increase in
member length with number of cycles. This hysteresis model is called the
Buckling Element.

It has been found that bracing members of intermediate to small
slenderness ratios may develop significant end moments which should be
considered along with buckling due to axial forces. As a first attempt
to model this combined behavior in a simple manner Jain and Goel (25)
developed their End Moment-Buckling Element for use with DRAIN-2D computer
program (26) for a practical inelastic dynamic analysis of braced frames.
This element consists of two components, the buckling component and an
end moment-axial force interaction component. The axial force in the
member is governed by the buckling component which is then used to compute
the plastic moment capacity and the plastic hinge formation at the ends.
In this formulation the flexural stiffness of the member is assumed to
be unaffected by the axial force. This model has permitted the study of
the effect of column buckling on the response of a seven-story concentric
Tzsfaced frame subjected to a severe horizontal earthquake ground motion

Jain and Goel (28,29) used their End Moment-Buckling Element to
study the earthquake response of a seven-story structure with concentric
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K and split K bracing patterns with different member proportions. The
frames were designed by allowable stress design procedures in order to
obtain weak girder-strong brace, weak girder-intermediate brace and strong
girder-weak brace proportions. These frames were subjected to two dif-
ferent horizontal accelerograms representing severe earthquakes. The
results showed that the behavior and plastic hinge formation were quite
different in the concentric K and eccentric split X braced frames. The
response of these frames was also strongly influenced by the relative
member proportions. It was noticed that strong bracing members generally
caused excessive inelastic activity in the columns of concentric braced
frames and in the girders of eccentric braced frames. Eccentric braced
frames with slender bracing members are preferred since they seem to show
the ductile behavior of open-moment resisting frames combined with the
stiffness efficiency of braced systems.

In the current phase of research (30) the hysteresis behavior of
full size members is being studied through large scale tests on members
in a realistic inclined geometry. The primary objective is to correlate
the results with those on axially loaded small scale specimens in pre-
vious studies and to determine as to what extent the effective length
concept is applicable to members loaded in the inclined geometry. Further-
more, cyclic load tests on full-size members allow a more realistic
investigation of the behavior and influence of connection details than
was possible with small scale specimens in previous studies. In the
experimental set-up full-size members (length 3 m) are mounted diagonally
in a four hinge frame and subjected to cyclic displacements. W-shapes,
angles and tubes are used as cross sections together with bolted and
welded connections, with and without gusset plates. The overall character-
istics of the hysteresis behavior of these members appear to be quite
similar to those of axially loaded small scale members. However, the
fatigue life and failure pattern seem to be quite strongly influenced by
local buckling and connection details. A finite element model is used
for the analytical investigation of these members. The elastic effects
are simulated with beam-column elements whereas the plastic deformations
are concentrated in plastic. hinges at the node points. The plasticity
condition in its most general form incorporates the Bauschinger effect
as well as strain-hardening. The variation of different assumptions with
regard to geometric effects and the material behavior is being us:d in
the interpretation of the test results and in identifying the physical
reasons for the characteristics of the hysteresis loops.

Whereas the current investigation of hysteresis behavior of full-
size members will help to put the theoretical models on a more firm
basis, it will also lead to practical design recommendations regarding
selection of proper proportions of the cross section and connection
details of bracing members. At the same time the study of earthquake
response of braced frames is being extended to formulate design pro-
cedures both at the working as well as ultimate strength levels for
proportioning these structures to ensure their improved performance during
moderate and severe earthquake ground motions.
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ULTIMATE CAPACITY AND CYCLIC BEHAVIOR OF
REINFORCED CONCRETE HOLLOW CIRCULAR CROSS~SECTIONS

AND

DEVELOPMENT OF PROVISIONS FOR EARTHQUAKE
DESIGN OF REINFORCED CONCRETE CHIMNEYS

(W.S. Rumman)

Research has been directed towards establishing the inelastic
behavior of reinforced concrete members of hollow circular cross-sections
when subjected to bending with the presence of an axial load. Such
structures are encountered in reinforced concrete chimneys, hollow
circular bridge piers, intake-outlet towers and other tower structures.
Both theoretical and experimental work has been made at the University
of Michigan (31,32). The main parameters were the longitudinal steel
ratio and the dimensionless axial load ratio w/rtfg, where w is the axial
load, r is the mean radius, t is the thickness and f! is the concrete
strength. Both ultimate capacities as well as reversed cyclic behavior
were studied. The studies were mainly made on sections with low or no
shearing forces. Future experimental work will be made on sections with
high shearing forces to study the effect of shear on the ultimate capacity
and on the moment-curvature relationships under reversed cyclic loading.
Also, experimental work will be made on cross-sections with openings.

The development of simple “"code type" procedures for the earthquake
design of reinforced concrete chimneys is the aim of a second research
project. A typical average response spectrum and many actual reinforced
concrete chimneys ranging in height from 90 m to 340 m have been used in
the study.

The research has resulted in proposing practical procedures that are
incorporated in a recent paper submitted for presentation at the IABSE
Congress in Vienna in September 1980.

In summary, the procedure involves computing the period of the
chimney, computing the base shear, distributing the base shear along the
height to compute shears and moments, and then modifying these shears
and moments by multipliers that vary along the height.

The period of the chimney is estimated by a simple formula based on
previous studies (33). The formula gives the persiod in terms of the
height, the modulus of elasticity, the mean diameter at top, the ratio
of top to bottom mean diameters and the ratio of top to bottom thicknesses.

The base shear is computed in terms of the period, the weight of the
chimney, the earthquake zone coefficient and a constant that reflects,
among other things, the ductility that is inherent in reinforced concrete
chimneys (31,32,34). The base shear has been found to vary inversely
with T2/3. The 2/3 power of T was suggested in previous publications
(35,36) and also was suggested in publication ATC 3-06 of the Advanced
Technology Council (37). It should be mentioned that both the ACI Code
for Chimneys (38) and the Uniform Building Code (39) use different values
for the power of T.

The distribution of the base shear is such that ten percent is
applied at the top and the remainder is distributed at different levels
of the chimney in proportion to the mass intensity at that level and to
the height of that level above the base. The shears and moments obtained
from such a distribution are then modified by multipliers to obtain
earthquake shears and moments. These multipliers were chosen so that the
shear and moment curves obtained from the proposed procedure would be
reasonably close to those cbtained from response spectra’ techniques.
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REPAIR AND STRENGTHENING OF BUILDINGS
(R.D. Hanson)

Experimental and analytical studies of the repair and strengthening
of earthquake damaged buildings and strengthening of buildings for future
earthquakes have been conducted since 1972. The two major effortd con-
cerned the repair of damaged beam~column connections (15) and the
aseismic strengthening of buildings by adding infill reinforced concrete
shear walls (40).

Eight reinforced concrete exterior beam-columr subassemblages were
designed using the most recent building code recommendations for both
seismic and nonseismic areas in order to represent both types of existing
structures. The specimens were subjected to a loading which simulated
the type of motions that could be expected during either a moderate or
a severe earthquake to obtain different degrees of damage.

The damaged specimens were repaired using either of two repair
techniques depending on the degree of damage. For the moderately damaged
specimens, the pressure injection of epoxy was used. The removal of the
damaged material and replacement with various high early strength materials
was used to repair more severely damaged specimens. The specimens were
retested in the same manner as the original test to determine the be-
havior of the repaired specimens and to compare this behavior with the
original behavior. It was concluded that with adequate material and field
control epoxy injection and removal and replacement techniques of repair
can effectively restore structural integrity to damaged members.

Five half-size reinforced concrete one-story, one-bay frames were
constructed and tested to determine experimentally the effectiveness of
infilled walls in strengthening existing framed structures against
earthquake loads. The open frame and the frame with monolithically cast
wall provided reference limits for the remaining specimens. The cast~in-
place wall behaved as a typical shear wall, like the monolithic cast
model, until the wall-frame connection failed just below the beam. Models
with single and multiple precast infilled walls behaved in a combined
frame and shear wall action. The maximum strength of the multiple pre-
cast wall was about half of that of the other walls, although it maintained
its -load capability over larger deflection levels. Energy dissipation
capacities of the two precast and one cast-in-place models were similar,

yet they were half the capacity of the monolithic wall structure.
Three general conclusions were: 1. cast-in-place walls can provide

the same maximum strength as an equivalent new monolithic wall, but with
less ductility, 2. multiple precast panels provide a strong, ductile and
easy-to-construct strengthening technique, and 3. the cyclically degraded
load capacity of shear walls should be used in the structure design
rather than the virgin, monotonic capacity.
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