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Mete A. Sozen Symposium: 

A Tribute from his Students 

The Mete A. Sozen Symposium took place at the AC1 Fall 
Convention in Tarpon Springs, Florida, in October, 1994. The purpose of 
the Symposium sessions and this SP volume was to celebrate and honor the 
long and distinguished career of Mete Sozen as a professor of civil 
engineering and advisor of numerous students. All of the symposium 
speakers and most of the authors in this SP volume were former students 
who worked with Mete Sozen during their graduate careers at the 
University of Illinois at Urbana-Champaign. 

The Sozen Symposium consisted of three sessions with eighteen 
speakers. All of the sessions were well attended with many of Mete’s former 
students in the audience. The symposium concluded with a dinner to honor 
Mete. The evening speaker was Neil Hawkins, Head of the Civil 
Engineering Department at the University of Illinois. Neil highlighted 
Mete’s contributions to structural engineering and to continuing the long 
tradition of outstanding concrete research at the University of Illinois 
during the 20th century. At the conclusion of the dinner, a group photo was 
taken of Mete Sozen and many of his former students (see next page). 

The symposium and this SP volume were organized to permit Mete’s 
students and colleagues to honor and thank him for his council and 
guidance during their studies at the University of Illinois, and for his 
continuing interest in their careers. It also offered an opportunity to wish 
him success in his new position as Kettlehut Distinguished Professor of Civil 
Engineering at Purdue University. For all of those students who have 
worked with Mete and still count on his advice, the editors offer him our 
best wishes for continued success and our wholehearted thanks for his 
guidance. 

Editors 

James K Wight 
Professor of Civil Engineering 
University of Michigan, Ann Arbor 

Michael E. meger 
Professor of C i d  Engineering 
University of Texas, Austin 
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Seismic Design Considerations for Flat- 
Plate Construction 

by J. P. Moehle 

Synopsis: Design algorithms expressed in current building codes and 
practiced in design offices focus attention on earthquake induced lateral 
forces, and away from earthquake induced lateral displacements. These 
procedures have led to development of structural systems in which a 
portion of the structural frame is designed to resist the total seismic 
design force while a substantial remainder of the structure is 
proportioned assuming it resists only gravity loads. This approach is 
commonly applied to design of slab-column systems in regions of high 
seismicity. For such systems, a displacement-oriented approach has 
advantages. Applications of the approach are described. 

Kevwords: Buildings; columns (supports); earthquake-resistant structures; 
flat concrete plates; reinforced concrete; structural design 
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Jack P. Moehle is the Roy W. Carlson Distinguished Professor of Civil 
Engineering, and Director of the Earthquake Engineering Research 
Center, University of California, Berkeley, California USA 94720. He is a 
Fellow of ACI, a member of various AC1 committees, including TAC, and 
is Chair of Committee 318H, Building Code Committee - Seismic Effects. 
His research interests are in seismic behavior, design, and upgrading of 
reinforced concrete structures. 

INTRODUCTION 

I was introduced to reinforced concrete flat-slab construction in a course 
taught by Professor Mete Cozen at the University of Illinois at Urbana- 
Champaign. The course was crafted from the historical perspectives of 
Talbot, and Cross, and Wectergaard, and Siess, and, of course, Cozen. 
Their experiences were broad, and intimately known by the instructor, 
and over the weeks I gained from the lectures a sense of the experience 
for myself. Many other students, from over the years, have reminisced 
privately about the lasting impact of those few weeks in the classroom. 

Later, as a member of Mete's research team, I had the opportunity to see 
Mete's research and engineering first hand. It became clear early on that 
Mete, though keenly analytic, preferred not to stray far from the evidence 
of physical investigation. When asked about his affinity for experimental 
research, Mete once responded (1989 EERI annual meeting) that the 
choice between experimental research and analytical research is as the choice 
between looking and thinking. How could one choose, and how could one 
advocate one over the other? But if a researcher has to choose a starting 
point, perhaps it is better to choose first to look, because by first looking 
one cannot help but also think later on about what was seen. 

The earthquake engineer may choose to "look" in two places. The first 
place is the research laboratory. Though our experiments are limited in 
scale and scope, and polluted to varying degrees by the researcher's 
concept of how to model reality, they have profoundly improved the 
engineer's understanding of structural behavior, and have empowered 
builders to construct structures that perform better in earthquakes. This 
symposium volume and the broader technical literature contain 
numerous examples where experimental research has pointed out 
directions for improving engineering practice. 
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The post-earthquake setting is the second place to look for physical 
evidence on the seismic behavior of structures. In the post-earthquake 
setting the drawback of insufficient field instrumentation may be offset by 
an abundance of visual clues from structures and earthquakes that are 
real in all their details. Lessons from earthquakes therefore include 
aspects that may be missing in a restricted research laboratory setting. 

On 17 January 1994, a moment magnitude 6.7 earthquake (the Northridge 
earthquake) struck southern California. Whereas several recently previous 
earthquakes had occurred distant from metropolitan regions[4], the 
Northridge earthquake provided the first modern evidence of the effects 
of a glancing blow on a major metropolitan region, and shed light on the 
possible effects of a future direct hit. The earthquake inflicted damage on 
construction of all materials, including wood, steel, masonry, and 
concrete. While the vast majority of post-1971 reinforced concrete 
building construction performed well by current accounts [22, 121, some 
concrete construction types did not fare well in several specific cases. 
Included in this category is perimeter moment frame building 
construction. This is a construction form in which the engineer designs 
the perimeter framing elements to resist the entire code design lateral 
forces, and designs the interior framing to carry only gravity loads. The 
combination of slab-column "gravity" framing and perimeter special 
moment resisting frames or perimeter walls is the subject of this paper. 

DESIGN PRACTICE FOR GRAVITY FRAMING SYSTEMS 

Current design practice in the United States allows the structural engineer 
to designate some elements of a building as lateral force resisting 
elements and other elements as gravity-only load resisting elements. 
According to this practice, the designated lateral force resisting elements 
must be proportioned to resist the entire design seismic force within 
accepted drift limits. The designated gravity load carrying system is 
proportioned assuming it does not contribute to seismic resistance, and 
must be checked to ensure that it will continue to carry the gravity loads 
under the design lateral deformations. This practice is common in the 
western United States. 

In the form of construction described in the preceding paragraph, the 
designated lateral force resisting system may comprise structural walls or 
special moment resisting space frames. Where structural walls are used, 
the walls are commonly core walls or walls on the building perimeter. 
Where special moment resisting frames are used, the frame is commonly 
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positioned around all or a portion of the perimeter. Consequently, the 
name "perimeter frame building" is commonly applied to this 
construction form. 

Gravity load systems prevalently are beam-column frames, reinforced 
concrete slab-column frames, or post-tensioned slab-column frames. 
Beam-column frames may be cast in place or precast. Where precast 
frames are used, the diaphragm may be precast with a relatively thin 
topping slab. This paper focuses on reinforced concrete and post- 
tensioned concrete slab-column gravity systems. 

Current building codes have special provisions for frame members not 
designated as part of the lateral force resisting system. For example, the 
commentary for section 21.7 of the 1989 AC1 Building Code [6] states that 
members that are not part of the designated lateral force resisting system 
are not required to meet all the detailing requirements of members that 
are relied on to resist lateral forces, but they must be able to resist 
deformations above the service level and still be able to support gravity 
loads. According to this code, beams and columns must be analyzed to 
determine if they develop their strength when subjected to twice the 
lateral displacement under the factored lateral forces, and details are set 
based on this check. Other codes have other similar provisions for beam- 
column frames. United States codes do not contain special provisions for 
slab-column gravity frames in regions of high seismicity. ACI-ASCE 
Committee 352 [34] describes recommended practice for slab-column 
gravity frames. 

OBSERVATIONS FROM THE 1994 NORTHRIDGE EARTHQUAKE 

The 1994 Northridge earthquake caused severe damage and collapse in 
reinforced concrete perimeter frame buildings [22,12]. Three main failure 
types are of interest in the present paper. These are: 

Failures in columns of the gravity load system. Figure 1 shows an 
example in which column failure appears to have contributed to 
collapse of the gravity load system. 

Failures in diaphragms. Figure 2 shows an example of failure in 
the topping slab near the connection with the lateral load resisting 
structural walls. 
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Failures in slab-column connections. Figure 3 shows punching 
shear failure in a post-tensioned slab-column gravity frame with 
drop caps at the slab-column connection. 

Although the causes of the Northridge earthquake failures have not been 
fully investigated, there has been credible speculation about the causes. 
Among the cited causes are the following: 

Engineers sometimes ignore or overlook code requirements for 
gravity systems. 
Commonly used methods for estimating demands on gravity 
systems may be inadequate. 
Code requirements for proportioning and detailing gravity systems 
may be inadequate. 

This paper reviews recent research findings and proposes practical design 
methods for slab-column gravity systems in earthquake resisting 
buildings. It first analyzes procedures for estimating earthquake 
demands on gravity systems, and then reviews detailing and 
proportioning methods aimed at ensuring adequate member capacities. 

STRUCTURAL ANALYSIS FOR BUILDINGS IN SEISMIC ZONES 

For structural design it is not always necessary that the analysis 
accurately predict expected response. Instead, it is only necessary that the 
analysis efficiently produce an economical, serviceable, and safe structure. 
Conventional seismic design relies on simplified analyses whose results 
may not accurately represent actions that occur during a strong 
earthquake. These inaccuracies are of little consequence in design of 
structural systems having an abundant supply of ductility, because very 
ductile systems usually can be deformed beyond expected deformation 
levels without failure and catastrophic consequences. The same cavalier 
view of analysis may be inappropriate for design of gravity systems with 
marginal ductility and whose performance is critical to life safety. For 
these structural systems, within reason, the design engineer should seek 
analysis results that conservatively represent actual response. Otherwise, 
gravity systems with marginal ductility should not be permitted. 

Prevalent seismic analysis methods are oriented toward determining the 
lateral force distributions and required strengths, and provide limited 
information on lateral deformations. While the virtues of strength can be 
argued, it is clear that strength of the lateral force resisting system does 
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not relate simply and directly to seismic performance of the gravity load 
system. To understand the performance of the gravity load system, it is 
necessary to focus on the imposed lateral drift and the internal forces that 
result. 

Current United States design codes rely on elastic analysis to estimate 
lateral drift demands. For example, section 21.7 of the AC1 Building Code 
[6] requires the engineer to check non-lateral force resisting elements for 
lateral drift equal to that calculated using an elastic structural model 
subjected to twice the factored code forces. One reasonably might infer 
that the specified drift is the one expected to occur during the design 
earthquake. Similarly, the UBC (Uniform Building Code) [39], which 
governs most building construction on the west coast of the United States, 
specifies a design displacement equal to the product of 3/8R, and the 
displacements calculated from the unfactored UBC design forces. (R, is a 
factor by which elastic spectral forces are reduced to obtain the design 
lateral forces.) For conventional structural systems designed with R, = 8, 
the AC1 specified design displacement is approximately equal to the 
3/8R, design displacement specified by the UBC. Neither the AC1 
Building Code nor UBC require the elastic structurai analysis to include 
stiffness reduction effects due to concrete cracking, foundation rotation, 
and diaphragm flexibility. Many designs proceed ignoring these effects. 

Seemingly overwhelming evidence indicates that the displacement 
estimates of current U.S. design codes are unconservative. Digital 
computer analyses from Veletsos and Newmark [40] through Newmark 
and Riddel[28], Otani [29], Shimazaki and Sozen [36], Qi and Moehle [33] 
and others show for longer period SDOF (single-degree-of-freedom) 
systems that the expected peak inelastic displacement is about equal to 
the peak displacement calculated for the structure assuming elastic 
response. This result contrasts with three-eighths of this value as implied 
by the UBC. For shorter-period systems, the peak inelastic displacement 
can be expected to be at least equal to the elastic value, and for weak 
systems may be several times that value I361 (Figure 4). The period below 
which the equal displacement rule is no longer valid is approximately 
equal to the period at which the constant acceleration and constant 
velocity regions in the elastic response spectrum intersect. 

The most extensive set of experimental data on inelastic displacement 
response of reinforced concrete physical models comes from the work of 
Professor Sozen and his associates at the University of Illinois. The 
inventory of test specimens includes moderate-scale SDOF systems and 
small-scale MDOF (multi-degree-of-freedom) systems. The tests are 
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reported in a series of reports from the University of Illinois [l, 2, 5, 7, 9, 
11,15, 18,19,25,26,27,30,35,42,43]. 

Figure 5 is a photograph of one of the test models situated on the 
University of Illinois shaking table [26]. As observed by Sozen [37], the 
measured inelastic response has many characteristics similar to those 
expected for elastic response (Figure 6). This idea was later extended by 
Shimazaki and Sozen [36] and Bonacci [5], who noted that the peak 
inelastic displacements could be related to the calculated peak elastic 
displacements. The data in Figure 7 are for a collection of the University 
of Illinois test data. In this figure, calculated peak elastic displacements 
are obtained for damping equal to two percent of the critical value and for 
an initial period equal to A T ,  where To = fundamental period calculated 
based on gross cross sections. The collected test data verify and extend 
the earlier findings obtained from dynamic analyses of SDOF systems. 
These findings indicate that, given information on ground motion and 
structural system properties, one can estimate niaximum displacement 
response with simple procedures. 

Of course, complicating the design analysis problem is the uncertainty 
regarding earthquake ground motion that will occur in the future at a 
particular site. In some cases, actual recorded ground motions have been 
seen to exceed design quantities from current codes. The Northridge 
earthquake provides a recent demonstration where real response spectral 
ordinates significantly exceed the unreduced UBC design values (Figure 
8). As noted previously, the UBC allows the design to be based on a 
displacement equal to three-eighths of the UBC spectral displacement 
shown in the figure, adding to the apparent non-conservatism of the UBC. 

Furthermore, to achieve a conservative estimate of expected building 
displacements, foundation flexibility should be included in the analysis 
model. This may be particularly important for buildings with few 
relatively slender structural walls. As illustrated in Figure 9, foundation 
rotation may relieve force demands on the lateral force resisting system 
but increase lateral interstory drift demand on the gravity system. 

Diaphragm deformations should also be considered when estimating 
deformation demands on gravity systems. This is less likely to be an 
important consideration for flat-plate systems with perimeter frames than 
it is for precast construction or construction with few structural walls. 
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COLUMNS OF SLAB-COLUMN GRAVITY FRAMES 

Current United States codes [6,39] require special details for columns that 
are considered to be part of the lateral force resisting system. Columns of 
gravity frames need not satisfy these requirements if strength is not 
reached under the code prescribed lateral deformations. Figure 10 
presents current details required by the AC1 Building Code 161. 

The author is not aware of any failures due to earthquakes of columns in 
slab-column gravity frames. However, during the Northridge earthquake 
several gravity columns in other types of perimeter frame buildings were 
severely damaged (Figure 1) and appear to have contributed to collapse. 
A reasonable extrapolation is that similar failures are possible in slab- 
column gravity frames. 

To understand why failures of gravity frame columns might occur, 
consider the structural framing illustrated in Figure 11. The details 
correspond to a building in southern California [8]. The lateral force 
resisting system comprises a perimeter special moment-resisting frame. 
The interior gravity framing system comprises post-tensioned slabs with 
drop capitals framing into reinforced concrete columns. 

Detailing of the perimeter frame columns and the interior frame columns 
is strikingly different (Figure il). The perimeter frame columns have 
special details including well-configured, closely-spaced transverse 
reinforcement and lap splices restricted to regions outside locations where 
flexural plastic hinges may form. With these details, the perimeter frame 
is likely to be capable of sustained load resistance under large imposed 
lateral deformations. 

In contrast, the columns of the gravity frame system lack special details 
for ductile response (Figure 11). Compared with the perimeter frame 
columns, the ties are poorly configured and widely spaced, and lap 
splices are located just above floor slabs, including just above the ground 
floor slab. Analysis according to AC1 Building Code [6] procedures 
indicate that the column may fail in shear prior to developing flexural 
strengths at both ends. 

Columns having details similar to those shown for the gravity columns of 
Figure 11 are known not to perform well under large lateral deformations 
possible during an earthquake. Wight and Sozen [41] described various 
problems for this type of column, including shear strength decay with 
increasing displacement amplitude and number of cycles. More recent 
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studies building on the work of Wight and Sozen and others work have 
been reported by Lynn and Moehle [20]. Figure 12 illustrates details of 
column test specimens and the extremes of observed behaviors. In one of 
these tests, shear failure resulted in sudden loss of gravity load capacity; 
in others the gravity load (as high as 0.3f),, where f, = concrete 
compressive strength and A, = gross section area) was sustained through 
deformation cycles well past the onset of shear failure. Figure 13 
illustrates the trend of decreasing available shear strength with increasing 
displacement ductility demand for the tests (representing building 
columns) by Lynn and Moehle and tests (representing bridge columns) by 
Iwasaki [3]. 

The data presented in the preceding paragraph demonstrate that failures 
under relatively low lateral deformations are credible for gravity 
columns. In contrast, the perimeter columns with special ductile details 
are likely to be capable of significantly larger deformations. If the 
building in Figure 11 is subjected to earthquake ground motion, lateral 
displacements will be imposed on all the columns. Ignoring torsional 
response and diaphragm deformation, the displacements of the perimeter 
frame columns and the gravity frame columns will be equal. Given that 
both types of columns are critical to protecting life safety by sustaining 
vertical loads, the difference in details is difficult to rationalize. 

SLAB-COLUMN CONNECTIONS OF SLAB-COLUMN GRAVITY 
FRAMES 

Code Requirements 

The AC1 Building Code [6] and other United States codes do not contain 
special provisions for slab-column gravity frames in buildings located in 
regions of high seismicity. Instead, the basic non-seismic provisions for 
gravity load design govern all aspects of proportioning and design. 
Importantly, for non-prestressed slabs these provisions require that at 
least two of the main bottom slab bars must be effectively continuous 
through the column at all connections. As illustrated in Figure 14, the 
bottom reinforcement will act to suspend a slab in the event that a 
punching shear failure occurs. Top mild reinforcement is less effective in 
this role. 

The AC1 Building Code [6] contains provisions for design of reinforced 
concrete flat-plates in regions of moderate seismicity. Figure 15, from the 
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AC1 Building Code Commentary [6] ,  shows the required details. These 
details concentrate slab flexural reinforcement within the column strip 
and enforce nominal continuity of all slab reinforcement. Though not 
specifically required, these same details seem advisable for gravity slab- 
column frames in perimeter frame buildings in regions of higher 
seismicity. 

Evaluation of Slab Performance 

The AC1 Building Code [6] does not contain procedures designed to 
evaluate expected performance of slab-column connections under the 
action of earthquake loads. Lacking specific seismic requirements, it is 
common in current design office practice to apply the conventional shear 
and moment transfer strength provisions of the code. According to this 
practice, the lateral drift as specified by the UBC [39] (that is, drift equal 
to the product of the calculated drift and 3 / 8 Q  is imposed on an 
analytical model of the building, and the resulting shear and moment on 
the connection are compared with the corresponding design strength 
calculated using the eccentric shear stress model (Figure 16). If the design 
strength is exceeded, the connection is deemed inadequate and the design 
must be revised. 

Figure 17 compares results of this procedure applied to three 
conventionally reinforced, interior slab-column connections tested in the 
laboratory. The three connections had different levels of gravity load 
applied to the slab, this load being represented in the figure by the 
gravity shear ratio, VJV,  where V ,  = the total shear due to gravity loads 
acting normal to the plane of the slab and Vo = the punching shear 
strength in the absence of moment transfer calculated according to the 
AC1 Building Code [6]. The tests are reported by Morrison and Sozen [27] 
for Specimen 1, Pan and Moehle [31] for Specimen 2, and Hawkins [14] 
for Specimen 3. Strengths are nominal strengths calculated according to 
either the eccentric shear stress model of the AC1 Building Code [6] or the 
strength corresponding to development of flexural yield lines across the 
full width of the slab. The stiffnesses were calculated using the effective 
beam width model. Only flexural deformations were considered, with 
column stiffness based on the gross cross section and slab stiffness 
determined from an effective moment of inertia equal to aßl,, where a = 
an effective width coefficient [32], ß = a reduction factor of 1/3 to account 
for slab cracking [23], and Is = moment of inertia of the gross cross section. 
The calculated strength for the Morrison and Sozen test is limited by the 
yield line strength, and strengths for the other two tests is limited by the 
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nominal shear and moment transfer strength obtained from the eccentric 
shear stress model. 

Two shortcomings of the calculation in relation to the experiments are 
noted (Figure 17). The first of these relates to calculations of the strength 
and the effective stiffness of the connection, both of which are required in 
order to obtain an estimate of the displacement at which the connection 
reaches its strength. Either or both of these calculated quantities may 
differ appreciably from the actual quantities. The second, more 
fundamental shortcoming is that the deformation at which the nominal 
strength is reached does not in any obvious way relate to the deformation 
capacity, which may be several times the calculated deformation. 

It is apparent from Figure 17 that the deformation capacity at failure 
decreases as the gravity shear ratio increases. The gravity shear ratio is 
expressed as VJVd where V, = shear force acting normal to the plane of 
the slab and Vo = the nominal punching shear strength of the slab. This 
trend is similar to that observed for columns with low transverse 
reinforcement ratio (Figure 13), and suggests that a similar model might 
be applied here. The model is shown conceptually in Figure 18. 
According to this model, lateral deformations are attributed to slab 
flexure only. Furthermore, the curvatures have the simple distribution 
illustrated here; note that the effects of gravity load moments are ignored 
in this assumption. For a slab reinforced with reinforcement having yield 
stress equal to 60 ksi, the yield rotation can be approximated by 

in which = yield curvature, I = center to center spacing of columns in 
direction of lateral loading, and h = slab thickness. A nominal rotational 
(or drift) ductility can therefore be defined by 

O p -u 
oy e -  

in which O, = maximum rotational (or drift) demand (Figure 18). 

Combining the nominal rotational (or drift) ductility demand expressed 
by Equation (2) and the relation between drift ductility demand and 
residual shear strength expressed by the line segments in Figure 13, one 
may project a hypothetical relation between rotation 8" at failure and the 
direct gravity shear strength. The relation is a function of the slab l/h 
ratio. Figure 19 plots the projected results for 26 interior slab-column 
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connections tested at various laboratories. (Basic test and calculation data 
are in Table i.) 

For the same 26 test specimens, Figure 20 plots the measured relations 
between drift angle at onset of punching shear failure and gravity shear 
ratio V p o .  Although one-to-one correspondence between the analytical 
projections (Figure 19) and test results (Figure 20) is lacking, the trends 
are consistent. (Improved correspondence might be possible by including 
effects of gravity load moments, prestressing, and other effects in the 
idealization.) Slab-column connections having high gravity shear ratios 
are susceptible to punching shear failures at lower lateral drift ratios. Not 
surprisingly, connections designed as gravity-only elements tend in 
current practice to have high gravity shear ratios, and therefore are more 
prone to failure under imposed lateral deformations. 

These trends are recognized in the recommendations of ACI-ASCE 
Committee 352 [34]. In addition to various detailing and proportioning 
rules, this document recommends that the gravity load shear at a 
connection should not exceed approximately l S A , f i ,  where A, = area 
of the slab critical section as defined by the AC1 Building Code [6 ] ,  and 
concrete strengthf, is in psi. The purpose of this limit is to reduce the 
likelihood of punching shear failure at commonly expected lateral drift 
levels [24]. 

Experimentally Observed Behavior of Slab-Column Connections 

Come recent experiments on reinforced concrete and post-tensioned slab- 
column specimens illustrate aspects of performance for slab-column 
connections. The reinforced concrete slab described below was designed 
according to current practice including some of the recommendations 
made earlier in this paper with regard to avoiding high gravity shears. 
The post-tensioned connection described below had a relatively high 
gravity shear ratio. 

Tests [16] were carried out on a one-third scale model of a nine-panel 
reinforced concrete flat-plate frame to study behavior of frames designed 
to satisfy AC1 Building Code [6] detailing requirements for frames in 
regions of moderate seismicity. Figure 21 depicts the geometry of the test 
slab. In addition to satisfying requirements of the AC1 Building Code, the 
connections were proportioned to control the gravity shear ratio; the 
maximum gravity shear ratio for an interior connection was VJvo = 0.3. 
Continuous bottom reinforcement was placed through the column cage at 
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all connections to suspend the slab in the event that punch-through 
occurred. During the test, lateral deformation reversals were applied 
independently in each of the two principal directions in successively 
increasing increments while the gravity loads were maintained. 

Figure 22a illustrates the measured load-displacement relation for the 
nine-panel test specimens for loading in NS direction prior to punching 
failure. The response is stable to lateral displacement drift ratio of 
approximately four percent of height. At this drift level, punching shear 
failures began at one of the interior connections and rapidly spread to the 
other interior and edge connections (but not the corners). Figure 22b 
displays the load displacement relation in the NS direction immediately 
before and following punching. As was visibly apparent during the test, 
the slab was able to sustain the vertical loading under continuing 
deformation reversals at four percent drift amplitude because of the 
catenary action provided by the bottom slab bars that were continuous 
through the column reinforcement cage. 

Figure 23 shows geometry for a test specimen representing an interior 
connection of a post-tensioned flat-plate frame with strands banded in 
one direction and distributed in the orthogonal direction [21]. Tests were 
also carried out on edge and corner connections. The slabs had no bottom 
reinforcement through the column, and so relied on the post-tensioned 
steel to suspend the slab in the event of punch-through. Figure 24 shows 
the measured load-displacement relation for loading in the NS direction 
for the case where the gravity shear ratio was 0.55 (results obtained for 
loading in the orthogonal direction are not shown here). The specimen 
shows marginal lateral displacement capacity, followed by punch- 
through. Importantly, the post-tensioned reinforcement was adequate to 
suspend the slab following punching failure. Although this and other 
tests in the series show that the strands seem adequate for suspending the 
slab, some continuous bottom mild steel might still be placed in standard 
construction. 

CONCLUSION 

Design algorithms expressed in current building codes and practiced in 
design offices focus attention on earthquake induced lateral forces, and 
away from earthquake induced lateral displacements. These procedures 
have led to development of structural systems in which a portion of the 
structural frame is designed to resist the total seismic design force while a 
substantial remainder of the structure is proportioned assuming it resists 
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only gravity loads. As the Northridge earthquake demonstrated, drift 
happens, and the engineer needs to design the entire building for it. 
Simple procedures, some described in this paper, can be used for this 
purpose. 
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Fig. 1-Failure of gravity column in a parking structure 

Fig. 2-Damage to topping slab in floor diaphragm 
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Fig. &Punching shear failure in post-tensioned slab-column frame 
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Fig. &Ratios of peak displacements for inelastic and elastic responses 

Full document details: ACI SP-162-96

http://www.avadocuments.com/doc/aci-sp-162-96
http://www.avadocuments.com/doc/aci-sp-162-96


A C 1  SP-Lb2 96 0 b b 2 9 4 9  0528423 629  
22 Moehle 

+5.0 

0.0 

Fig. M n e - t e n t h  scale model of multi-story reinforced concrete test structure on a shaking table 

Ar -* v v  ~ w v v v v ” v ~ - v v ~ -  
T M F l W / R L N l  /FIRST-LEWLDEPUCEMENI,MM 

’ 

A A A  A A A .  

Full document details: ACI SP-162-96

http://www.avadocuments.com/doc/aci-sp-162-96
http://www.avadocuments.com/doc/aci-sp-162-96


A C 1  SP-162 9b m 0662949  0528424  565  

4. O 

3. O 

o. o T 

Mete A. Sozen Symposium 

0 Bonacci 
I 

g.. .................. 
: tde O O 

I I 
I I I 

23 

o. o O. 5 1.0 1.5 2. O 2.5 
Period Ratio 

Fig. 7-Ratios of measured peak displacements to peak displacements calculated for the initial 
period 

Damping = 5% 
3 

Santa Monica FF ( PGA = 0.88 g. r- 24 km ) 1 - - - - - - - - Sylmar FF ( PGA- 0.W g, r i  15 km) 
Newhall (PGA - 0.59 g. r = 19 km ) 

- . - < - I  _.-.- Adela FF ( PGA = 0.34 g. r =  9 km ) 
.................. ATC3-S2 ( PGA = 0.4 g) 

z 
IA” 

. 

1.5 2.0 2.5 3.0 3.5 4 0  0.0 0.5 1 .o 
Period (sec) 

Fig. &Comparison of the UBC (39) design spectrum and selected linear elastic response spectra 
from the Northridge earthquake (12) 

Full document details: ACI SP-162-96

http://www.avadocuments.com/doc/aci-sp-162-96
http://www.avadocuments.com/doc/aci-sp-162-96


A C 1  SP-Lb2 9b = Obb2949 0528425  4 T L  
24 Moehle 

Lateral 
system 

Gravity 
system 

Fig. %Effect of foundation rotation on the deformations imposed on the grovity sytem 

AC1 378-89 Gravity Column ßeuuirements 
(a) Non-Yielding Under (b) Yielding Under 

2E Displacement 2E DisDiacement 

s, I 8 4 ,  
< 6in. 

) s, I h/4 
5 4in. 

i 
) so I Sd, 

5 24d,, 
I hJ2 

2 0.09~,h, - r: 
r, 

Fig. Iû-Colurnn reinforcement details required by the AC1 Building Code (6) 

Full document details: ACI SP-162-96

http://www.avadocuments.com/doc/aci-sp-162-96
http://www.avadocuments.com/doc/aci-sp-162-96


A C 1  SP-162 96 9 0662947 0528426  338  9 
Mete A. Cozen Symposium 25 

24" SQUARE COLUMNS 

36" dia caissons 

mTERIOR COLUMN EXTERTOR COLUMN 

Ties A: #3 (a, 8" XesA # 4 0 4 "  
Xes B: #3 @ 12" 
Lonoitudinal Bars @ Base: 6 - #lo 
Longinidinal B= @  ROO^: 4 - #9 

XesB: #4@ 4"tob" 
Longitudinal Bars @ Base: 12-#11+ 8410 
Longitudinal Bars @ Roof: 8 - X S  

Fig. 11-Details of building in southern California reported by Dovitch and Wight (8) 
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Top bar at smali @e, 

Fig. 1 A R o l e  of continuous bottom bars through the column reinforcement cage 
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1 Connection 

,-- Nominal shear 

jb) Nominal Shear 
Stress Check 

Fig. lû-Application of shear and moment transfer procedure to laterally deformed slab-column 
connection 
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Fig. 17-Behavior of three reinforced concrete slab-column connections with varying gravity loads 
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(a) Deforma fions 

(b) Curvatures ' 

Fig. 1LSimpli f ied model of flexural deformation in a slab 
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Gravity Shear Ratio 
Fig. 19-Projected relation between lateral drift at failure and gravity shear ratio for 26 tests, 
based on model in Fig. 18 and the trend line in Fig. 13 
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Fig. 2û-Measured relation between lateral drih at failure and gravity shear ratio for 26 tests 
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Fig. Z l -Geometry  of nine-panel reinforced concrete flat plate test specimen 
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3 
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b) Behavior immediately before (broken curve) and after (solid curve) punching 

Fig. 22-Measured load-displacement relation for the nine-panel test specimen 
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Fig. 23-Geometry of interior post-tensioned slab-column connection 
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Fig. 24-Measured load-displacement relation for the interior post-tensioned slab-column 
connection 
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SP 162-2 

Load-Deformation Relationship of High- 
Strength Reinforced Concrete Beams 

by S. Otani, S. Nagai, and H. Aoyama 

SvnoDsis: Force-deformation relationship of high-strength reinforced 
concrete beam members observed in the laboratory test was idealized by 
a trilinear relation for use in a nonlinear earthquake response analysis. 
Methods to evaluate the relationship were examined and the reliability of 
the methods were discussed with respect to the observed relations. 
Calculated initial stiffness is shown to significantly underestimate the 
observed value; a large coefficient of variation was attributed to 
accidental and shrinkage cracking in the specimen prior to the test. A 
similar large coefficient of variation was observed in the evaluation of 
cracking moment. Yield and ultimate moments could be favorably 
estimated by the theory. An empirical formula was proposed to evaluate 
yield deformation. An importance of controlling the elastic modulus of 
concrete in construction is emphasized if a structure is expected to 
behave as designed during an earthquake. 

Kevwords: Beams (supports); cracking (fracturing); deformation; -gO 
streneth concretes; modulus of elasticity; nonlinear response; reinforced 
concrete; ultimate moments; yield point 
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INTRODUCTION 

The demand for high-rise reinforced concrete (RC) buildings has 
accelerated the research on the use of high strength materials. Different 
characteristics of high-strength RC members are anticipated. The 
production of high strength materials requires special quality control. 
Therefore, the Ministry of Construction, Japanese Government, 
organized a national project for the "Development of Advanced 
Reinforced Concrete Buildings Using High-strength Concrete and 
Reinforcement (New RC Project)" from 1988 to 1993. The material 
strength ranged from 30 to 120 MPa for the concrete and from 400 to 
1,200 MPa for the longitudinal reinforcement. High-strength lateral 
reinforcement of yield stresses ranging from 600 to 1,300 MPa is 
commonly used in Japan. Methods to evaluate the force-deformation 
relationship of RC beams were examined. 

Member end moment-rotation relation of an RC member varies with 
damage associated with the intensity and distribution of moment along 
the member and loading history. A nonlinear earthquake response 
analysis of a building requires two types of mathematical modeling: (a) 
modeling of the distribution of stiffness (damage) along a member and 
(b) modeling of the force-deformation relation under stress reversals. A 
common and simple model to idealize the stiffness distribution along a 
member is to assume all inelastic deformation to concentrate at the 
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member ends, ignoring distributed cracks along the member; the 
member-end rotation of the model is evaluated for a given member end 
moment assuming a linear moment distribution along the member with 
the infiection point at the mid-span. A hysteresis model works on the 
moment-rotation relation under monotonically increasing loading. An RC 
beam is designed to behave dominantly in flexure, being prevented from 
failure in less ductile modes. Therefore, the moment-rotation relation of 
an RC member was assumed to change its stiffness at flexural cracking 
of concrete and tensile yielding of longitudinal reinforcement at the 
critical section. 

DATABASE OF RC BEAM TESTS 

Test data of beams, yielding in flexure before failure, were searched from 
literature (Ref. 1-22) between 1982 and 1992 in Proceedings of Japan 
Concrete Institute (JCI), Summaries of Technical Papers of Annual 
Meeting of Architectural Institute of Japan (AIJ), Annual Reports of the 
New RC Project, and reports of research institutes of Japanese 
construction companies. The specimens must satisfy the following 
conditions; (a) rectangular cross section, (b) same amount of top and 
bottom longitudinal reinforcement, (c) width wider than 150 mm, and (d) 
overall depth deeper than 225 mm. Among 105 beam specimens 
obtained, the concrete strength ranged from 26 to 98 MPa; the shear 
span-to-depth ratio from 1 .O to 3.6; the tensile reinforcement ratio from 
0.44 to 2.70 percent; the yield strength of longitudinal reinforcement from 
261 to 976 MPa. 

The Specimens were tested under two types of loading methods (Fig. 1) 
simulating the conditions during earthquake excitation; ¡.e., (a) Type-A 
test (31 specimens): statically indeterminate beams with two stiff end 
stubs subjected to lateral displacement at the two ends maintaining the 
end stubs in parallel during loading, and (b) Type B test (74 specimens): 
simply supported beams, normally with two loading stubs, subjected to 
two-point loading causing the point of inflection at the center of the 
middle span. In Type A test, moment distribution is not known due to 
statical indeterminancy; linear moment distribution is assumed with an 
inflection point at the mid-span. In Type B test, the damage within the 
test span tends to concentrate at an end during the test. Simply 
supported specimens subjected to mid-span loading were not selected 
for the study. 

The load-deformation relation curves under reversed cyclic loading were 
obtained from the generous researchers, and were digitized at the 
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University of Tokyo for the sequence of parts where the load exceeded 
the maximum load of the previous loading cycles. The error of digitization 
is less than 0.3 percent, on the average 0.2 percent, of the full scale. 

IDEALIZATION OF MOMENT-ROTATION RELATION 

The member-end moment was obtained from shear force measured in 
the test span by assuming the inflection point at the mid-span. The 
member-end rotation of Type A specimens was calculated from the 
measured relative lateral displacement divided by the clear span, but the 
member end rotation of Type B specimens was used as the researchers 
reported. The observed moment-rotation curve was idealized into a 
trilinear relationship (Fig. 2). 

Although many specimens failed in shear or bond-splitting modes after 
flexural yielding, the initial stiffness may not be affected by the failure 
modes. Therefore, all 105 specimens were used in the study of initial 
stiffness and flexural cracking moment. On the other hand, the yield 
deflection is increased by the damage associated with the failure modes. 
Therefore, those specimens failing in shear or bond-splitting modes 
within a deflection equal to three times flexural yielding deflection were 
excluded from the examination of yield and ultimate points; 38 
specimens were used to study the yield deflection. 

The initial stiffness in a test was defined as a secant slope at a load 
equal to one-half of the reported cracking load. The cracking load was 
not reported in five specimens, hence the cracking moment was 
evaluated by assuming the tensile strength of concrete to be 0 . 5 6 6  
(Ref. 23). Note that the cracking load is normally reported at a loading 
step when cracking is detected for the first time; ¡.e., the reported 
cracking load is normally higher than the actual cracking load. Therefore, 
the cracking point was determined from the shape of force-deformation 
relation by the method described in the following paragraph. 

The stiffness of reinforced concrete section changes drastically at the 
yielding of tensile reinforcement. If tensile reinforcement is placed in 
double layers in the section, the stiffness changes at the yielding of the 
outer layer reinforcement and then of the inner layer reinforcement. In 
order to select a single yield point, the yield point and cracking moment 
were defined such that the energy stored at the ultimate deformation 
should be the same for the test and the model making the absolute 
difference in the energy to be minimum (Fig. 2). 
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Resistance at the ultimate point was taken as the observed maximum 
resistance. The determination of an ultimate deformation is an important 
but impossible issue; the ultimate deformation is not a unique value but 
is highly dependent on the progress of concrete deterioration dictated by 
loading history and failure modes. Small stiffness after yielding will not 
change appreciably by the choice of an ultimate deformation. Therefore, 
the ultimate deformation was selected to be an arbitrary deformation at a 
deformation ductility factor of four. 

An iterative procedure was used to define the yield point and cracking 
moment for the established initial stiffness and ultimate point.; ¡.e., (a) a 
trial yield displacement was assumed, (b) an ultimate displacement was 
selected at four times yield deformation, (c) post-yield stiffness was 
determined by connecting the ultimate point and a point on the observed 
curve at 2.5 times yield deformation, and (d) the cracking moment and 
yield deformation were determined for equal absorbed energy at the 
ultimate deformation and minimum absolute difference. 

INITIAL STIFFNESS 

The methods to evaluate stiffness parameters and their reliability with 
respect to the observed values are discussed. The initial elastic stiffness 
K ,  was evaluated by the elastic theory of a lineal member considering 
flexural and shear deformation; 

1 1 1  
KE KB Ks 
-I-+- 

where K,: flexural stiffness (= 6 Ec le / L), K,: shear stiffness (= Gc A U 
2 ~ ) ,  Ec: elastic modulus of concrete, 1,: moment of inertia of uncracked 
transformed section, L: member length, Gc: shear modulus of concrete, 
A: cross sectional area,  chape factor for shear deformation (=1.2). The 
shear modulus of concrete was estimated from the elastic modulus Ec 
and assumed Poisson's ratio of 0.20. Elastic modulus Es of steel was 
assumed to be 206 GPa. 

The initial stiffness was calculated using the observed elastic modulus of 
concrete and the clear span. The observed initial stiffness (Fig. 3) was 
notably low and, on the average, 0.53 times that calculated with a large 
coefficient of variation (=0.51) for 73 specimens with reported concrete 
elastic moduli. The large coefficient of variation and discrepancy 
between the test and calculation was probably attributed to (a) technical 
difficulty in measuring accurate initial stiffness in the test and (b) 
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formation of accidental and shrinkage cracks prior to the test. In a real 
structure, flexural cracks under gravity loading, shrinkage cracks, cracks 
after medium intensity earthquake excitation may exist, and the initial 
stiffness for the analysis is difficult to estimate. However, the initial 
stiffness and cracking force level of a singledegree-of-freedom system 
do not influence the maximum response amplitude as long as the 
attained response ductility factor reached more than 4 (Ref. 24). The 
response in this range is more sensitive to the secant stiffness and the 
resistance at yielding rather than the initial stiffness. 

Furthermore, the actual elastic modulus in a structure, as built, is not 
known at the time of structural design although the initial stiffness of a 
member is directly dependent on the modulus. The elastic modulus of 
concrete is normally difficult to control in construction. Therefore, the 
initial stiffness of a structure can be significantly different from the value 
assumed by a structural engineer. 

An empirical expression was proposed for the elastic modulus E, (Ref. 
25), taking into account compressive strength and density of concrete, 
type of coarse aggregates and mineral admixture; 

E c - k ,  xk ,x3 .35x104x(~ , /60 )"3x (y /2 .4 )2  (MPa) (Eq. 2) 

in which kq: factor representing type of coarse aggregates, k2: factor 
representing kind of mineral admixture, u, : observed concrete strength 
(MPa), y :  unit density of concrete (tonirn3). The factor k l  is 0.95 for 
crushed quartzite, crushed andesite, basalt and clayslate aggregates, 
1.0 for other coarse aggregates, and 1.2 for crushed limestone and 
calcined bauxite aggregates. Factor k2 is 0.95 for silica fume, fine 
powder of blast furnace slag and fly ash fume, 1 .O0 for concrete without 
mineral admixture or with other mineral admixture, 1.10 for fly ashes. 
Ninety-five percent of test data are shown to fall within 20 percent of the 
empirical expression (Fig. 4). The modulus should be controlled in 
construction within an acceptable range from the value specified by a 
structural engineer. 

CRACKING MOMENT 

Cracking moment Mcr is calculated on the basis of the observed splitting 
tensile strength u, of concrete and the section modulus Ze of the 
uncracked transformed section. The ratio of the reported to the 
calculated cracking moments is compared in Fig. 5 for 59 specimens; the 
average ratio was unexpectedly good at 1.03, with a significantly large 
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coefficient of variation of 0.50. 

Cracking tensile strength u=, of concrete was determined by dividing the 
cracking moment of the trilinear idealization of the moment-rotation 
relation by the section modulus Ze of uncracked transformed section. 
The cracking tensile strength and compressive strength of concrete are 
compared in Fig. 6 for 68 specimens. A wide scatter of data can be 
observed, but a tendency is observed for the cracking tensile strength to 
increase with the compressive strength. Following empirical relation was 
derived: 

The cracking tensile strength should not be used as the tensile strength 
of concrete, but is intended to evaluate a moment level at which the 
initial elastic stiffness of the trilinear idealizaiton changes in the mernber- 
end moment-rotation relationship. 

YIELD MOMENT AND ROTATION 

Yield moment at the critical section was calculated for the yielding at an 
imaginary centroid of tensile reinforcement. The amount of tensile 
reinforcement is normally limited well below the balanced tensile 
reinforcement ratio; hence, the stress-strain relation of the concrete was 
assumed to remain linearly elastic when the tensile reinforcement first 
yielded under bending. In addition, the following assumptions were made 
in calculating yield moment; ¡.e., (a) plane section remained plane after 
deformation, and (b) the concrete in tension did not resist tensile 
stresses. The elastic modulus of concrete was determined by Eq. 2 with 
kq=k2=1.0 and y =2.4 tonlm3, while the compressive strength of 
concrete and the yield stress of reinforcement were obtained from the 
reported material tests. In 2 specimens out of 38, the calculated stress at 
the extreme compressive fiber exceeded the compressive strength of 
concrete; these specimens were removed from the study. 

The calculated yield moment and the estimated yield moment of the 
trilinear idealization are compared in Fig. 7 for 36 specimens. The 
average ratio of the estimated to the calculated yield moment is I. 12 with 
a coefficient of variation of 0.078; only one estimated yield moment was 
smaller (0.94) than the calculated value. The yield moment at which the 
stiffness of an RC member changes drastically may be calculated 
conservatively by the flexural analysis. 
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Member end rotation at flexural yielding was calculated using cracked 
transformed section for flexural deformation ( e f  - MyL I 6EJc,), elastic 
stiffness for shear deformation (e, - ~ K - M ,  / G A L )  and pullout 
deformation 8, of longitudinal reinforcement from the anchorage. The 
pull-out deformation 6, was calculated by the following expression (Ref. 
26): 

where, E,: yield strain of longitudinal reinforcement, db: diameter of 
longitudinal reinforcement, u,: concrete strength (MPa). The center of 
rotation at the critical section was assumed to be at the centroid of 
compressive reinforcement; ¡.e., 8, - 6,l(d - d c ) ,  where d: effective 
depth and d,: depth to the centroid of compressive reinforcement. 

The calculated yield rotation and the estimated yield rotation of the 
trilinear idealization are compared in Fig. 8.a for 36 specimens. The 
estimated rotation was, on the average, 2.54 times larger than the 
calculated rotation with a coefficient of variation of 0.22. Calculated yield 
rotation significantly underestimates the estimated rotation. This 
discrepancy is attributable to the additional rotation caused by shear 
cracking and the error in evaluating the pull-out deformation of 
longitudinal reinforcement from the anchorage. 

An empirical expression was derived for the yield deformation by 
assuming the yield rotation at a member end consists of the rotations 
from flexural deformation, e,, shear deformation, 8, and deformation, 8, 
due to the pull-out of longitudinal reinforcement from the anchorage zone. 
A regression analysis with respect to the estimated yield rotation was 
carried out to determine coefficients; 

The calculated yield deflection and the observed yield rotation of the 
trilinear idealization are compared in Fig. 8.b for 36 specimens. A 
coefficient of variation of the ratio was 0.20 with a mean of 1 .O. 

ULTIMATE MOMENT 

Flexural strength of beam section is not sensitive to the shape of stress- 
strain relationship nor the compressive strength of concrete because the 
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neutral axis depth is so small that the distance between the resultant 
compressive and tensile forces cannot change appreciably within the 
section. The ultimate moment was calculated using the plasticity theory 
suggested by Eberhard and Sozen (Ref. 27), in which the flexural 
mechanism was assumed to form by the yielding of tensile reinforcement 
followed by the compressive failure of concrete. Instead of strain 
compatibility, equilibrium conditions for axial force and bending moment 
of section were used based on the lower bound theorem. The maximum 
bending resistance was sought by satisfying the yield criteria of the 
materials and is given by 

in which, u,: compressive strength of concrete, b: width of section, dc: 
distance from the extreme compressive fiber to the centroid of 
compressive reinforcement, at: area of tensile reinforcement, a,: yield 
stress of tensile reinforcement, d: effective depth of section. Values of k 
are (3/8) and (1/2) for triangular and rectangular stress distribution of 
compressive concrete with maximum stress of uB, respectively. The 
stress in the compressive reinforcement must be checked not to exceed 
the yielding stress. 

The ratio of the observed to the calculated ultimate moments is 
compared with respect to compressive strength of concrete in Fig. 9 for 
38 specimens; the average ratio is 1.15 with a coefficient of variation of 
0.074 for the triangular concrete stress block, and the average of 1.1 3 
with a coefficient of variation of 0.069 for the rectangular stress block. 
The shape of a stress block shape should be carefully selected in the 
evaluation of ultimate moment of a column. 

CONCLUDING REMARKS 

Force-deformation relationship of high-strength reinforced concrete 
beam members observed in the laboratory test was idealized by a 
trilinear relation for use in a nonlinear earthquake response analysis. 
Methods to evaluate the relationship were examined and the reliability of 
the methods were discussed with respect to the observed relations. 

Calculated initial stiffness is shown to significantly overestimate the 
observed value; a large coefficient of variation was attributed to 
accidental and shrinkage cracking in the specimen prior to the test. 
Similar large coefficient of variation was observed in the evaluation of 
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