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SYNOPSIS

The use of small scale models to predict the behavior of reinforced con-~

crete structures has become increasingly important in recent years because of
the complexity of many modern structures and the need to understand their be-
havior in the inelastic range. A well known example is the prestressed con-
crete pressure vessel for nuclear applications, where the only feasible method
for investigating the effects of severe loading combinations is with scaled
models. This paper presents the state-of-the-art in the field of models of
concrete structures in dynamic loading applications. The major problems met
in dynamic modeling include (a) materials that meet similitude. conditions,
(b) proper simulation of mass, (c) loading methods, and (d) strain measurements
in the reinforcing and model concrete. These topics are discussed here, along
with selected applications of both true dynamic and pseudo-static modeling. It
is concluded that small scale structural models are highly useful for studying
certain types of dynamic response, both elastic and inelastic.

INTRODUCTION

Small scale models have been used for many decades by structural engineers.
Until about two decades ago, however, their use was mainly confined to static,
elastic behavior of structures. Recent use of ultimate strength theories in
both reinforced concrete and steel design, and the development of increasingly
complex structures, have forced the structural engineering profession to dwell
much deeper into both inelastic and dynamic response. Since full scale test-
ing is limited because of expense, the use of small scale models offers an ex-
cellent potential to help fill the current gaps in our understanding of inelas-
tic behavior. Considerable work on statically loaded models of concrete struc-
tures has been undertaken in various laboratories around the world, but
research and design using dynamic models has been rather limited because of the .
many problems involved and the sophisticated loading equipment required.

In this paper the term '"small scale" means models with a geometric scale
factor of 1/6 or smaller. At this scale the problem of size effects in the
model concrete may be present, even with static models. Furthermore, proper-
ties of materials under dynamic loading are different than under static load-
ing. Thus two difficult problems may appear in modeling the dynamic response
characteristics of prototype concrete - overall size effects, and strain rate
effects. These problems are addressed later in this paper.

Structural models have two distinct but supportive types of applications.
The research model is used to help verify the adequacy of analytical approach-~
es and to increase the understanding of complex behavior needed to formulate
new and better mathematical models. The research model normally does not have .
to meet detailed similitude requirements of a particular prototype; instead it °
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must exhibit the full range of behavior modes associated with a particular class
of structures. Once the analytical model is sufficiently well refined to pre-
dict the dynamic behavior of the research model, themn it can be used with rea-
sonable confidence for predicting response of specific prototypes. Physical re-
search models are often of medium scale, say about 1/3, and are many times
designed to predict the behavior of structural components rather than a complete
structure.

Design models are associated with a particular prototype. They are further
characterized by tending to be more complete replicas of an entire structural
system, which automatically leads to a smaller scale in nearly all applications.
They are usually built to the specifications of a preliminary analytical design
for the prototype structure.

Many types of structures and associated loading histories are candidates
for structural modeling, including:

1. Tall building systems subjected to earthquakes or high wind forces,

2. Suspension bridges, cable suspended roof systems, and other geometri-
cally complex systems that must be studied for aerodynamic response.

3. Nuclear power plant containments and other crucial structures subject-
ed to seismic loadings.

4. Highway bridges carrying high seismic force levels.

5. Above-ground and buried structures subjected to blast loadings.

6. Dams subjected to earthquakes.

It is not possible to fully discuss all modeling problems associated with
these many different types of structures. The selective coverage given here
should be supplemented by readings from the references (1-6 cover basic model-

ing theory).

Both dynamic and pseudo-static models have application in research and de-
sign. In true dynamic modeling for earthquake effects, the structure is sub-
jected to a simulated earthquake acceleration history by a shaking table or
similar facility. Most existing shaking tables have rather modest horizontal
force capabilities. An additional serious problem that may arise in using a
shaking table is the large overturning effect that may be produced by the hea-
vy masses that may be needed to generate the appropriate inertia forces. To
overcome these problems, slowly applied reversing loads (called pseudo-static)
are often used to load both small and medium scale models. In pseudo-static
testing the reversing loads can be very carefully controlled, but a basic prob-
lem remains in relating the slow-speed cyclic loading response to rapid dynamic
response. A very important advantage of pseudo-static loading as compared with
dynamic loading is that in the former approach, it is possible to easily follow
the sequence of cracking, damage levels, etc. during each load reversal. A
dynamic test that is completed in seconds may well extend over several days
when converted to a pseudo-static loading. The ideal approach is a combination
of the two, using pseudo-static modeling to investigate the full range of be~
havior under well-defined load conditions, and supplementing the pseudo-static
models with true dynamic models to assess potential differences between the
two.

SIMILITUDE REQUIREMENTS

Similitude requirements for dynamic structural models are well known
(Refs. 1-6). They are normally derived from Buckingham's Pi Theorem. A
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typical dynamic response problem can be expressed in three fundamental mea-
sures (force F or mass M, length L, and time t). Thus three fundamental scale
factors may be selected and the remaining scale factors become dependent func-
tions of these three. Rocha (6) presents similitude requirements for two modi-
fications of the general case: (a) with a preset distortion factor on the
accelerations, and (b) with a preset distortion factor on the forces. Several
approaches to dynamic modeling similitude are summarized in Ref. 5.

Identical materials in model and prototype are preferred in dynamic model-
ing for rather obvious reasons (post-elastic behavior, time-dependent behavior,
equal Poisson's ratio in both), but such choice of model materials does force
the time scale to be a fixed function of the length scale. If a distorted time
scale for loading must be used (small models require rather high frequency load-
ing rates), then the model material modulus and density must be chosen along
with the length scale to satisfy the following relation:

J&g; -,iP = ,jém .:ém
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where E, ¢, t, and § are elastic modulus, density, time, and length parameter
for prototype and model respectively.

or .tm

Furthermore, if self weight stresses are to be accounted for, there is an
additional requirement that

Often the latter cannot be satisfied, and additional masses must be placed on
the model in such a fashion that they do not stiffen it.

DYNAMIC PROPERTIES OF MATERIALS

It is generally found that the strength properties of any material in-
creases with increasing strain rate. Clough and Bertero (7) and others have
studied the effect of strain rate on the behavior of typical reinforced con-
crete sections carrying moment, shear, and axial load. These medium scale ex-~
periments were run at displacement rates of both 0.1 in/sec and 10 in/sec.
Results, indicate that both the cracking strengths and initial steel yielding
strengths were increased about 20% as the displacement rate was increased by a
factor of 100, but that ultimate strengths and failure modes were not signifi-~
cantly affected. Pseudo-static testing is thus an acceptable alternate to true
dynamic modeling when the loading applied is extreme, that is, induced deforma-
tions are far beyond the yield deformation. It must be noted that these con-
clusions are based on rather large models, and that additional verification
work with small-scale model materials is needed. The strain-rate effects must
not be confused with size effects. The work of Chowdhury (11) shows that model
materials with no significant size effects can be developed for modeling severe
reversing load effects in frames, and the authors are optimisitic that strain-
rate effects in small scale models made with proper materials will be no diffe-
rent than those found by Clough and Bertero.
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LOADING TECENIQUES AND INSTRUMENTATION

Once the model is established as to its geometry, based on the various
considerations cited above, then proper loading must be applied and measurements
taken to assess its response. Invariance in gravitational forces causes a dis-
tortion in dead load scaling which becomes significant in massive structures.
Hence to alleviate it the density of the system is artifically augmented with
additional dead loads (8). Dynamic loading, particularly in reference to seis-
mic model testing, consists of applying suitable mctions to the foundation of
the model during the preassigned time interval. Techniques have been developed
in recent years on both small and medium scales to achieve the desired forcing
function. One example (9) includes an electro-mechanical shaker with a frequen-
cy response from 5 to 5000 Hz. By means of a random noise generator, electric
band pass filters, and a time switch, it is possible to generate a simulated
earthquake acceleration to a suitable scale. The accelerations are transferred
to the model structure through the rigid connection between shaker and founda-
tion. Another form of loading involves use of a shaking table (7) that may al-
so have vertical acceleration capabilities.

Pseudo-static loading systems are much simpler and normally use hydraulic
and/or mechanical loading devices. Control of a number of loading devices be-
comes critical when the structure is being loaded to near-collapse stages. It
may be necessary to use displacement control rather than load control to achieve
the high ductility factors often encountered in severe reversing loads.

Measurement of strain in the reinforcement becomes a rather severe problem
if the scale becomes too small. Substantial experience does exist, however,
with application of electrical resistance strain gages to reinforcing wires on
the order of 1/10 in. (2.5 mm) diameter. Commercially available urethane pro-
tective coatings have given excellent results in terms of sealing the gage in-
stallation from moisture and protecting it from the concrete placement opera-
tion. Elaborate and bulky waterproofing techniques used on gages in full scale
structures simply cannot be used in small scale models because they produce too
much displacement of model concrete.

EXAMPLES

Four examples of pseudo-static and dynamic modeling studies are cited here
to help portray the range of applicability of these techniques to reinforce
concrete structures.

Sabnis and White (10) tested two reduced size prototype portal frames and
eighteen 1/5 scale models of these prototypes under pseudo-static reversing
loads. Reinforcement details in the models, which had cross section dimensions
1 in. by 2 in. (25 x 50 mm), were provided as in actual prototypes. Models
agreed very well with the prototypes and it was concluded that repeated gravity
loads at 95% of the ultimate capacity (measured in a single monotonic loading)
did not affect the load capacity of the frame, but that fully reversing loads
of about 75-80% of the single cycle lateral load capacity led to reductiomns in
frame strength. -

Chowdhury (11) extended the above work and tested three story, two-bay
1/10 scale model reinforced concrete frames under combined constant gravity
loading and steadily increasing pseudo-static reversing lateral loads up to
failure. Considerable work was done prior to the frame tests on perfecting
materials that would enable nearly exact duplication of reversing load effects
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on typical joint specimens tested at a full-scale by Hanson and Conner. Refe-
rence 12 gives full details on the model concrete and on the special heat treat-
ment needed for the model reinforcing, as well as many comparisons of model and
prototype response. Once the proper materials were achieved, the small scale
models faithfully duplicated all aspects of behavior, including cracking as a
function of load cycling, steel stresses, displacements, and moment-rotation
characteristics over the critically loaded portions of the joint.

Williams and Godden (13) used a shaking table to dynamically load 1/30
scale models of a long curved highway bridge. The small models were designed
to closely approximate the behavior of similar prototypes that collapsed during
the 1971 San Fernando earthquake in California. Expansion joints, expansion
joint retainer systems, and column ductility were all modeled, and the models
were loaded with both horizontal and vertical components of motion to determine
both overall response and failure modes. Experimental studies of this type
give substantial new insight into major design questions that are extremely
difficult, if not impossible, to resolve analytically.

Otani and Sozen (14) also used an earthquake simulator to load twoe types
of 1/6 scale three-story frames. Scaled acceleration histories were applied
from two input earthquakes. The models were designed in accordance with normal
design assumptions and did not represent any particular prototype. The model
structures withstood rather intense base motions without collapse; this was
attributed to design methods that prevented diagonal shear and anchorage fail-
ures.

CONCLUSIONS

It may be concluded that dynamic structural modeling can be a versatile
and valuable tool for both research and design. In other fields, such as fluid
mechanics and aerospace structures, dynamic models have been used with wide
success; however, in civil engineering applications, the full potential has not
been reached. This has been due in the past to lack of suitable testing facili-
ties, lack of understanding of model material properties, and perhaps a hesi-
tancy on the part of many structural engineers about the.general validity of
small scale models. Small scale models made of appropriate materials can be
loaded either in a dynamic or pseudo-~dynamic fashion to give important behavior-
al information about full scale structures subjected to severe seismic actiomns.
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