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ABSTRACT 

The objective of the experimental study was to examine 

th~ behavior of reinforced concrete columns subjected to 

shear and axial force reversals, and to compare the behavior 

with that of small-scale models. Two large-scale columns 

were tested with a ratio of shear to axial force equal to 

0.25 to simulate the loading on an exterior base-story column 

in a slender multistory building subjected to lateral loads. 

Loads were applied slowly according to a pattern of reversals 

representative of what would occur during a strong earthquake 

motion. In addition, a sustained axial force was applied to 

each specimen which represented gravity loading. This axial 

force was varied for the two specimens to examine differences 

in behavior attributable to inconsistent modeling of grav­

itational accelerations. With the use of a numerical model, 

response of the large-scale specimens was compared with 

measured response of small-scale (approximately one-twelfth 

scale) models which were tested as part of a previous 

investigation. 
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CHAPTER 1 

INTRODUCTION 

1.1 Object and Scope 

The overall objective of this experimental study was to 

examine the behavior of reinforced concrete base story columns 

in a slender multistory structure and to compare the behavior 

with small-scale models. The scope of the study was limited to 

exterior base story columns in which the applied vertical load 

could be expected to vary with the horizontal load when the 

structure was subjected to strong base motions. The test 

variables were the size of specimen and the amount of sustained 

load representing gravity loads in a multistory structure. 

Two reinforced concrete columns were constructed and 

subjected to slowly applied load reversals. Although the 

specimens were approximately one-half scale, they were felt to 

represent the behavior of components constructed at full-scale 

since a standard concrete mix and Grade 60-No. 6 reinforcing 

bars were used. Response of these large-scale specimens was 

compared with that of specimens constructed at approximately 

one-twelfth scale. The steel and concrete properties as well as 

the reinforcing ratios were similar so that a comparison of 
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load-deflection characteristics for the large- and small-scale 

specimens could be evaluated. The small-scale models were 

tested by Gilbertson and Moehle (Ref. 9) at the University of 

Illinois. 

To investigate the differences in response attributable 

to scaling of the section properties, a sustained load was 

applied so that the resulting normal stress would be similar for 

both large- and small-scale specimens. The ratio of axial to 

shear force was constant (4:1) to provide a comparison of the 

behavior of large and small specimens. 

Actual gravity stresses in a small-scale model are 

difficult to apply because of the need for massive weights. 

Often this constraint is not met and stresses in the model are 

lighter. For this reason, a larger sustained load was applied 

to a second large-scale specimen to produce a gravity stress 

equal to that in a full-scale multistory structure. 

To predict the response for other loading patterns and 

gravity stress levels, a nonlinear dynamic analysis was 

developed to simulate the response of a base story column to 

strong ground motions. This analysis was a filter to observe 

differences in hysteretic response of each specimen. 



1.2 previous and Related Research 

In the past, many small-scale models of reinforced 

concrete elements have been studied by several investigators 

(Refs. 12, 10, 13, 23). principal areas of research have 

included columns, beam-columns, structural walls and frame-wall 

interaction. Base story columns were investigated by Gilbertson 

and Moehle (Ref. 9) in which one-twelfth scale columns were 

subjected to slowly applied load reversals. A number of columns 

were loaded with a changing axial load to model behavior of an 

exterior column. 

Small-scale beam-column assemblages were tested by 

Abrams and Kreger (Ref. 2). Stiffness characteristics of 

interior- and exterior-joint specimens were found to vary 

significantly in load reversal regions. The response was also 

found to be highly dependent on loading history. 

Frame-wall interaction was researched by Abrams and 

Sozen (Ref. 1). Ten story frame-wall structures with different 

wall strengths were excited by motion at the base. Arbitrary 

softening of the walls resulted in a more economical structure 

with no loss of serviceability. It was also determined that the 

response of the combined frame-wall system contained 

characteristics of structures behaving linearly. 

Numerous tests of large-scale reinforced concrete 

elements has also been completed with regard to columns, 
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beam-columns and structural walls. Park, Priestly and Gill 

(Ref. 14) subjected a series of large-scale (approximately 

full-scale) reinforced concrete columns to load reversals. A 

constant sustained load was used as one of the test variables. 

Test results showed a high degree of ductility and significantly 

larger flexural strengths than calculated using current 

provisions of the American Concrete Institute (ACI 318-77). 

Large-scale beam-column subassemblages under monotonic 

and cyclic loads were investigated by viwathanatepa, Popov and 

Bertero (Ref. 22). The study examined strength, stiffness, 

ductility and energy-dissipation char.acteristics of the 

subassemblages as well as repair techniques. 

Vallenas, Bertero and Popov (Ref. 21) examined 

reinforced concrete structural walls subjected to high shear 

earthquake loading conditions. Good agreement was obtained 

between measured results and analytic predictions for flexural 

behavior and crack patterns. 

A relatively small data base has existed for the 

comparison of small- and large-scale reinforced concrete 

behavior under cyclic loading conditions. As part of this 

investigation, Stewart and Abrams (Ref. 20) investigated 

one-twelfth and three-quarter scale models of beam-column 

assemblages. Good agreement was found for most aspects of 

behavior with the greatest difference attributed to slip of the 



reinforcement. The difference in response due to slip was found 

to have a greater effect on the interior-joint than on the 

exterior-joint specimens. 

The scaling characteristics of small-scale models and 

reinforced concrete prototypes have been studied by many 

investigators (Refs. 7, 8, 16, 19, 24). Principal areas of 

research have included microconcrete mix designs, small-scale 

reinforcement and bond similitude. 

Currently, the most significant work being done 

elsewhere is the U.S.-Japan cooperative effort at the Building 

Research Institute, Tsukuba, Japan (Ref. 15). A full-scale 

seven-story structure at the BRI has been subjected to lateral 

loads and tested to failure. As part of this effort many 

subprojects have sprouted in the United States. A one-tenth 

scale shaking table model is currently being tested at the 

University of Illinois (Ref. 18). A one-fifth scale shaking 

table model is being studied at the University of California, 

Berkeley (Ref. 6). Large-scale components of the BRI structure 

are being tested at the University of Texas, Austin. These 

projects form a comprehensive study of testing reinforced 

concrete buildings for earthquake resistance. Results from this 

study should also be of assistance in this area. 

5 
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Another multi-investigator research program in progress 

is a study of the Imperial County Services Building in El 

Centro u California which was damaged severely by an earthquake 

in 1979. Large-scale components of this building are being 

tested in California. A one-tenth scale model is being tested 

on an earthquake simulator in Illinois to test the usefulness of 

small-scale models in estimating response of full-scale 

structures. Results of this study should also be of use in the 

project. 



CHAPTER II 

OUTLINE OF EXPERIMENTAL WORK 

2.1 Introduction 

Two large-scale specimens were fabricated and tested to 

represent columns at the base story of a multistory frame 

structure (Fig. 2.1). A specific ratio of lateral load to axial 

load (1:4) remained constant for each specimen. The test 

variable was the amount of dead load applied to each specimen. 

The first specimen, L4D2, represented a large-scale version of a 

small-scale column tested by Gilbertson and Moehle (Ref. 9). 

The second specimen, L4D3, was identical except that the dead 

load was three times larger than the first specimen. 

2.2 Description of the Test,Specimens 

The test specimens were large-scale models of first 

story external columns. The large-scale specimens were 

constructed to approximately one half of full scale, and six 

times larger than their small-scale counterparts. A detailed 

description of each specimen is presented in Fig. 2.2. 
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Loads were applied at the top of each column specimen 

which represented a hypothetical point of contraflexure in the 

multistory frame. The base was fixed against translation and 

rotation by anchoring the base girder to the structural test 

floor with steel rods. 

Design of the specimens was controlled so that 

flexural behavior would dominate the response. The 

longitudinal reinforcing ratio, as defined by the area of 

steel divided by the gross area of concrete, remained constant 

for both the large- and small-scale specimens. 

Each specimen was reinforced longitudinally with four 

*6 deformed bars (area of steel = 1.64% of the gross area). 

Development length was determined according to ACI Code (Ref. 

4) requirements. Shear reinforcement was provided by #3 

closed hoops and overdesigned by a minimum factor of safety of 

three so that a failure in shear would not result. The base 

girder was designed so that cracking would not occur. This 

was accomplished by providing #6 longitudinal bars and #3 

closed hoops. In addition, the base girder was post-tensioned 

with two steel bars just below the top of the girder. For 

nominal dimensions, reinforcing details and column 

cross-sections, see Fig. 2.3. 

A load transfer bracket in the form of a steel double 

tee section (Fig. 2.4), with built-in bearings, was bolted to 



the top of the column to provide the connection of the specimen 

to the testing apparatus. The bracket was bolted to two 3 x 3 x 

3/8 inch angles welded to the longitudinal reinforcement and 

cast in place as shown in Fig. 2.5. 

2.3 Description of the Test Apparatus 

The function of the test apparatus (Fig. 2.6) was to 

transfer the lateral force from the actuator to the top of the 

column specimen. Because of the difference in elevation between 

these points, a force couple was produced which was reacted by 

the couple provided by the pin-ended steel member and the axial 

force in the column. Dimensions of the apparatus were chosen so 

that the ratio of vertical to lateral force applied to the top 

of the column specimen would be four. Roller bearings were used 

at the top and bottom of the simulated roller support as well as 

at the connection to the specimen to produce connections with 

essentially no resistance to rotation. The apparatus used 

perpendicular stay cables at four locations to prevent 

out-of-plane motion. 

The simulated dead load due to gravity was applied 

independently using hydraulic actuators which were mounted 

within a steel harness around the specimen. The desired load 

was applied by increasing the pressure in the actuators which in 

turn created tension in the harness and axial compression in the 

9 
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specimen. The load was measured using a load cell and a 

pressure gauge mounted on the pump. 

The lateral force was applied using a 160 KN 

servo-controlled actuator. It was operated in force control 

rather than displacement control so that nonlinear geometric 

effects would not influence the loading. A swivel assembly 

built into both ends of the actuator allowed the system to 

rotate with negligible friction. The actuator reacted against a 

steel frame anchored to the test floor with steel rods. 

2.4 Materials 

The concrete used to construct the specimens was mixed 

and delivered by a local pre-mix concrete firm. The maximum 

aggregate size was 20mm and the mix used Type 1 Portland Cement. 

The mix proportions were 1:2.3:3.6 @ w/c = 0.6 by weight. 

Physical properties of each batch were determined from test 

cylinders (152mm x 305mm and 76mm x l53mm) and prisms (Slmm x 

5lmm x 305mm) taken at the time of casting. Each cylinder and 

prism was tested the day after each column specimen was tested. 

A summary of concrete properties is presented in Fig. 2.7. 

Compressive and splitting strengths of the concrete were 

determined using a 1300 KN capacity Baldwin testing machine. 

Strains were measured using a mechanical dial gauge accurate to 

.025mm over a gauge length of l27mm. A 45 KN capacity Instron 



machine was used for the modulus-of-rupture tests on the prisms. 

The reinforcing bars and hoops were purchased from a 

local manufacturer. The longitudinal reinforcing steel 

consisted of deformed bars conforming to ASTM A-615 

Specification for grade 60 steel. The stress-strain 

characteristics are presented in Fig. 2.8. The tests were 

conducted using a 520 KN Tinius Olsen testing machine. 

Stress-strain data was recorded using a LVDT over a two inch 

gauge length. 

2.5 Fabrication 

The casting procedure was conducted in such a way as to 

parallel actual construction techniques. Strain gauges were 

placed on longitudinal reinforcing bars in the positions shown 

in Fig. 2.11. Each specimen was cast in an upright position 

(Fig. 2.9) and was compacted with a conventional high-frequency 

vibrator. A slump test was performed prior to casting and 

concrete samples were taken throughout the casting process to 

determine material properties at a later date. Forms were 

removed one week after casting. All samples as well as each 

specimen were air-cured until the test date. 

11 
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2.6 Instrumentation 

Four parameters of response were measur.ed for each 

specimen: applied load, displacement at the top of the column, 

rotation at the base of the column and strains in the 

reinforcement. The applied load was measured using a 160 KN 

capacity load cell built into the servo-controlled actuator. 

The calibration of the load cell and the sensitivity of 0.1% was 

verified by the National Bureau of Standards. Displacement was 

measured with a linear variable differential transformer (LVDT). 

The LVDT was mounted, independent of the system, at the same 

elevation as the lateral load. A wire was attached to the 

specimen and to the core of the LVDT. In order to keep the wire 

taut during measurement, a free hanging weight was attached to a 

fishing line strung over a pulley and connected to the opposite 

end of the LVOT core. 

Since considerable damage was expected at the bottom of 

the column, the base rotation was measured at a distance equal 

to the effective depth of the column (254mm) above the base. At 

this point, an aluminum bar was attached to each side of the 

specimen spanning 1524mm to the outside edges of the base (Fig. 

2.10). LVDTs were mounted with swivel connections on the 

outside edge of each side of the base and a wire was attached 

from the aluminum bar to the LVDT core. Here again weights were 

employed to keep the wires taut during operation. An average 
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value for the base rotation could be calculated by adding the 

displacements and dividing by the distance between them. 

Mechanical dial gauges were mounted alongside the LVDTs to check 

the electronic measurements. 

All three of the LVDTs used had a sensitivity of less 

than 0.5% within the range of each particular transducer. 

Before implementation, each LVDT was calibrated on a Bridgeport 

vertical milling machine which was accurate to .003mm. 

Strains on the reinforcing bars were measured at twelve 

locations as shown in Fig. 2.11. A groove 3mm deep and 2.4mm 

wide was milled in the reinforcing bar for a length of 762mm to 

carry the wires attached to the strain gauges. The reduction of 

steel area due to the groove was 1.2%. 

2.7 Data Acquisition System 

The voltage outputs from the load cell, LVDTs and eight 

of the twelve strain gauges were input into an analog-to-digital 

convertor. The binary coded number from the convertor was fed 

into a Hewlett-Packard 9830 A computer. Software written for 

the test converted the number to the appropriate measurement and 

stored the data on permanent tape. From this tape, the data was 

reduced and plotted using a Hewlett-Packard 9862 A 

calculator-plotter. The remaining four strain gauges were 

recorded by hand using a strain measurement device. 
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2.S Testing Procedure 

Each specimen was loaded in accordance with the 

displacement measured at the top ·'of the column. This parameter 

was chosen since it could easily be non-dimensionalized as a 

percent of the height. This non-dimensional characteristic 

allowed for the reproduction of the displacement history of the 

small-scale specimens. The displacement history (Fig. 2.12) 

consisted of three phases of which Phase I constituted three 

cycles at ±lSmm (1.2% of the height). phases II and III 

consisted of three cycles each at ±36rnrn and ±54mrn respectively. 

After phases II and III, a small amplitude cycle of ±lSmrn was 

executed. Upon completion of these cycles the column was taken 

to failure. 

Throughout each test, the load-displacement relation and 

load-rotation relation were monitored continuously on x-y 

plotters. Data points for all test parameters were taken 

intermittently to produce a smooth curve when the data was 

reduced subsequently. Dial gauge readings were taken at every 

data point for the first few cycles to insure proper operation 

of the electronic instruments and less frequently throughout the 

remainder of the test. Crack patterns were monitored carefully 

throughout the test and photographed at the maximum positive and 

negative displacements for each cycle. Crack widths, for 

prominent cracks, were also measured at the maximum 



displacements. The entire test, through to failure, covered a 

time span of approximately nine hours. 

15 
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± 125mm LVDT~ 

Weight 

pivot (typ) 254mm 

--- ± 51 mm LVDT --...-

Fig. 2.10 Instrumentation 
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Fig. 2.11 Location of Strain Measurements 
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CHAPTER III 

OBSERVED BEHAVIOR 

3.1 General 

Two column specimens were tested: one with a light dead 

load, L4D2, and one with a heavy dead load, L4D3. The behavior 

of each specimen is presented in this chapter in terms of 

measured response, recorded observations and photographs. 

3.2 Column Specimen L4D2 

A vertical load equal to 117 KN, representing dead load 

in a multistory building, was applied to the specimen. This 

load was scaled so that the results could be compared directly 

with the small-scale test. This was accomplished by imposing 

the same state of normal stress on both large- and small-scale 

specimens (see Appendix B). By doing so, it was determined that 

the large-scale dead load should be the square of the length 

scale factor times the small-scale dead load. Measured 

relationships of the applied load with displacement, rotation 

and reinforcing strains are presented in Fig. 3.1 (a-I). 

Photographs of the base region are shown in Fig. 3.2, and 

measured widths of significant cracks are presented in Fig. 3.3. 

/ 



32 

Loading in the first half cycle (Fig. 3.4) consisted of 

a constantly decreasing axial compression combined with the 

lateral load. Eventually, at a lateral load of 29 KN, the net 

axial force applied to the specimen was tensile. The first 

crack was observed at the base at a load of 11 KN whereas the 

calculated cracking load (based on the uncracked section and 

measured material properties, Sec. 2.4) was found to be 9.2 ~. 

The uncracked stiffness (ratio of load to displacement) was 

calculated to be 20% larger than the measured stiffness up to 

this load point. With the development of flexural cracks the 

stiffness of the column decreased significantly. The observed 

stiffness was nearly half of the calculated stiffness for the 

first quarter cycle. Unloading in the first half cycle showed a 

stiffness identical to the cracked stiffness after an initial 

decrease in the load. Closure of the flexural cracks was 

observed during unloading. 

As loading proceeded into the second half of cycle one 

(increasing axial compression) the first flexural crack was 

observed at a load of 18 KN. The calculated cracking load was 

14.1 KN. The calculated stiffness was 25% larger than the 

observed stiffness. As seen in the first half cycle, unloading 

was accompanied by closing of the flexural cracks. A summary of 

crack widths and patterns is shown in Fig. 3.3. 



Observations of the general hysteretic behavior for 

subsequent cycles are listed below. 

1. The curves are not symmetric about the axis of zero 

load. The column was consistently stiffer in regions of 

increasing compressive axial load (lower half of figure) 

as compared to regions of decreasing compressive load. 

2. The shapes of the load vs. rotation (Fig. 3.le) and 

load displacement (Fig. 3.la) curves were nearly 

identical, indicating that behavior of the base region 

dominated overall response of the specimen. 

3. A significantly softer response was observed 

subsequent to the fourth cycle when the maximum 

displacements were doubled (Fig. 3.lc). 

4. Also for the first cycle of phase II (the fourth 

cycle), regions of nearly zero stiffness at maximum loads 

were observed for both increasing and decreasing 

compressive axial loads. This behavior was attributable 

to yielding of longitudinal reinforcement as seen by 

strain measurements (Fig. 3.lj). 

5. Unloading slopes for Phases I and II were nearly 

identical and did not decrease when a new maximum 

displacement was reached. 
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6. In the region of increasing axial compression, Phase 

III (Fig. 3.ld), a decrease in stiffness was observed 

upon loading after a new maximum was reached. 

7. A slight decrease in strength was observed only in 

the region of increasing axial compression. 

3.3 Column Specimen L4D3 

A vertical load equal to 330 KN, representing dead load 

in a multistory building, was applied to the specimen. This 

load was chosen to simulate the normal stress (S MPa) in a 

representative full-scale structure. This was a divergence from 

that in the small-scale models in an attempt to illustrate 

differences in behavior due to inconsistent scaling of gravity 

loads. Measured relationships of the applied load versus the 

rotation, displacement and selected reinforcing strains are 

shown in Fig. 3.S. Photographs of the column and damage in the 

base region are presented in Fig. 3.6. 

Although the displacement history was identical to that 

for column Specimen L4D2, the load-deflection relationship was 

markedly different. The axial force for the first half cycle of 

loading (Fig. 3.Sa) was a constantly decreasing axial 

compression. Because of the large initial load, no net axial 

tensions resulted. Flexural cracks were observed first at a 

load of 22 KN. The cracking load, based on material properties 



and the uncracked section was calculated to be 16.7 KN. Up to 

this load point, the measured stiffness was approximately 7% 

less than the calculated stiffness. With progressive flexural 

cracking, the stiffness of the column gradually reduced to a 

negligible quantity. This was a distinct departure from the 

behavior of Specimen L4D2 for the first quarter cycle of 

loading. The calculated stiffness, considering a cracked 

section, was 40% larger than measured nominal stiffness. 

Initial unloading resulted in the closing of flexural cracks as 

the load approached zero. 

Loading in the third quarter of cycle one saw flexural 

cracks appear at a load of 27 KN. The calculated cracking load 

for this region was determined to be 22 KN. There was no 

distinct change in the slope of the load deflection curve (Fig. 

3.5a) when initial cracking was observed. Unlike the region of 

decreasing axial compression, the stiffness remained constant up 

to the point of maximum displacement and was observed to be 3.6 

KN/mm. This value was 20% less than the calculated stiffness of 

4.5 KN/mm. When the specimen was unloaded, the flexural cracks 

that developed on the third leg of the cycle closed. 

In subsequent cycles of phase I, no new cracks were 

observed to form. A significant decrease in strength was 

observed in the region of decreasing axial compression, due to a 

sudden drop in pressure sustaining the simulated dead load on 

35 
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the previous cycle. Once the initial cycle was completed, a 

constant stiffness was observed (associated with the cracked 

section of each region) for both loading and unloading. A 

summation of measured crack widths of significant cracks at 

maximum loads is shown in Fig. 3.7 and the overall crack pattern 

is presented in Fig. 3.8. 

Due to the necessary load-control mode of the actuator 

(Sec. 2.3) only three complete cycles were executed prior to a 

compression failure. 
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Cl 
C2 

Specimen L4D2 

Bl 

Measured Crack Widths at Maximum Loads (mm) 

Cycle # Al A2 Bl B2 Cl C2 

1+ 0.5 0 0.2 0 0.1 0 

1- 0 0.8 0 0.3 0 0.1 

4+ 0.8 0 1.1 0 0.5 0 

4- 0 2.3 0 1.1 0 1.6 

8+ 1.2 0* 1.8 0* 0.9 0* 

8- 0** 3.4 0** 1.9 0** 2.4 

* Only the portion of the crack from the steel to 
the outermost compression fiber, closed completely. 

** Concrete crushed 

Fig. 3.3(a) Measured Crack Widths, L4D2 
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F' _. 1. g • 3.3 (b) Crack Pattern North Face, Soecimen L4D2 
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Fig. 3.3(c) Crack Pattern South Face, Snecimen L4D2 
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C2 
Specimen IAD3 

Bl 

Al 
A2 

Measured. Crack Widths at Maximum Loads (rrun) 

Cycle # Al A2 Bl 

1+ 0.5 0 0.3 

1- 0 0.4 0 

4+ 2.0 0 1.6 

* ** ** 4- 0 1.0 0 

* Specimen failed in compression 
** concrete crushed 

B2 Cl C2 

0 0.2 0 

0.3 0 0.4 

0 1.2 0 

** 1.1 0 3.0 

Fig. 3. 7 Measured Crack Widths at Maximum Loads, IAD3 
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Fig. 3.8(a) Crack Pattern No~th Face, Snecimen L4D3 
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3.8 (b) Crack Pattern South Face, Speci~en L4D3 
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CHAPTER IV 

INTERPRETATION OF OBSERVED RESPONSE 

4.1 Introduction 

The objective of this chapter is to interpret the 

measured response in terms of the major load resisting 

mechanisms. A numerical model was developed to simulate 

behavior of the specimens (L4D2 & L4D3) and to aid in the 

identification of these resistance mechanisms. Before 

interpreting the measured response some general aspects behind 

the development of the numerical model are discussed. 

4.2 The Numerical Model 

The behavior of the column was investigated solely in 

terms of the moment-curvature relationship for the base of the 

column. Approximately 65 % of the deflection at the top of the 

column was attributed to rotation at the base. Furthermore, 

comparison of load-deflection and load-rotation curves (Fig. 

3.1) suggested that all nonlinear behavior occurred within the 

base region. A detailed analysis of the importance of the base 

region is presented in Table 4.1. For specific loading points, 

Preceding page blank 
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the total deflection, 0t ' is compared with that resulting from 

the base rotation, or • 

To show that the column is essentially linear above the 

base, an equivalent EI was calculated from tangential deviations 

determined from measured data. The data from Specimen L4D2 was 

used for the computation, as it represented a softer response 

due to the light dead load. The equivalent EI was calculated as 

follows: 

where 

° - eh t 

EI = 3(Ot-eh ) 

0t = measured deflection at the top of the column 

e = measured rotation at the base of the column 

P = applied horizontal load at the top of the column 

h = height of the column 

An arbitrary selection of points through the first three 

cycles is shown in Table 4.2. Each value of EI was normalized 

by the EI of the gross section. The elastic modulus of concrete 

was assumed to be 25 MFa on the basis of cylinder tests (Fig. 

2.7). The values for. the ratio of EI/Elg remained constant at 



an average value of 0.3 for ranges of decreasing axial 

compression and roughly 0.5 for ranges of increasing axial 

compression. 

The criteria for the computation of the moment-curvature 

relationship included the following considerations. The section 

was divided into slices with individual nonlinear stress-strain 

properties of steel or concrete. For a given displacement 

history, the moment and axial load were varied in small 

increments so that material properties could be updated 

according to the stress-strain law for each element. A more 

detailed presentation of the numerical model is presented in 

Appendix A. 

Despite the usefulness of the numerical model, some 

limitations to its use should be mentioned. Two basic 

assumptions were used to develop the model. First, it was 

assumed that plane sections remain plane and therefore no shear 

deformations are present. Secondly, the strain in the concrete 

was assumed equal to the strain in the steel or that a per.fect 

bond exists. In addition, values of moment and curvature 

generated by the model are only as accurate as the 

stress-versus-strain models used for the concrete and steel. 

The stress-strain characteristics for the steel and concrete are 

shown in"Fig. 4.3. These models were based on more extensive 

work done by Aktan, Karlsson and Sozen (Ref. 3) and Sargin (Ref. 

17) • 
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4.3 Column Specimen L4D2 

The first three cycles (Phase I) represented a nearly 

linear-elastic response of the cracked column as maximum 

displacements were approximately ±1.0% of the column height 

(Fig. 3.16). The numerical model and measured strains indicated 

that the tension reinforcement had just begun to yield near the 

maximum displacement of Phase I. This did not have a 

significant impact on the response of the specimen as no 

decrease in stiffness was observed at maximum loads. Subsequent 

loading in Phase I followed slopes nearly identical to those 

defined in the first cycle. 

Cycles 4 through 10 (Phases II and III, Figs. 3.1c and 

3.1d) indicated a highly nonlinear response as maximum 

displacements approached 3% of the column height. Two very 

distinct characteristics of load resistance can be seen in the 

load-displacement relation. The load path from maximum positive 

displacement (Fig. 3.1c, point A) to maximum negative 

displacement (point F) had four significant changes in stiffness 

(points B, C, 0, E). In contrast, loading from maximum negative 

displacement (point F) to maximum positive displacement (point 

A) resulted in a single change in stiffness which was very 

gradual. 

The changes in stiffness observed for loading path ABCD 

may be attributed to closing of the flexural cracks which were 



opened during the previous half cycle. Upon reversal of the 

load at point B, the compression reinforcement was the sole 

source of compression resistance. Closing of the crack was 

inhibited by permanent deformations in the steel which were a 

result of previous loading. After reversal of the displacement, 

point C, the crack closed and both the axial load and moment 

could be resisted by the concrete, in addition to the steel. 

The change in slope at point D may be attributed to yield of 

tensile reinforcement. 

The behavior suggested in the foregoing discussion may 

be corroborated with strain readings and results of the 

numerical model. Strain measurements at the base of the column 

(Fig. 3.1j) indicated that yield of the reinforcement in tension 

had occurred at point A. Strain measurements were on the order 

of 1.5%. Upon reversal of the load, point B, a large decrease 

in tensile strain was measured for a small increase in load 

suggesting an open crack. During this range, three cracks were 

observed approximately 1 mm wide. The stiffening at point C can 

also be seen by the sudden change in slope of the load-strain 

curve. For a large increase in load, a small change in strain 

was observed suggesting an additional resistance in compression, 

or a closed crack. yielding of the tensile steel at point D was 

measured with the gauge on the tension reinforcement (Fig. 

3.1g). 
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The negative slope from points E to F (Fig. 3.1c) 

appeared to be due to crushing of the outermost compression 

fibers of the section. Points E and F of Fig. 3.1c coincide 

with points E and F in Fig. 3.1f. The abrupt change in strain 

with very little change in load indicates a redistribution of 

the stress at the section that may be attributed to crushing of 

the concrete. 

The second major characteristic of the load-deflection 

curve was the gradual change in stiffness from maximum negative 

displacement (point F, Fig. 3.1c) to maximum positive 

displacement (point H). This change in stiffness appeared to be 

due to the flexural cracks, which opened during loading to point 

F, not closing. As the load approached zero (point G) a large 

permanent deformation was evident. The load reversal at this 

point resulted in a decreasing axial compression which 

eventually caused a net tensile axial load. This load 

configuration did not provide a compressive force large enough 

to overcome the permanent deformation in the reinforcement. 

Therefore the cracks did not close completely, even at the 

maximum load. 

Strain measurements also suggested that the cracks did 

not close after reversal of the load (points FGH). Significant 

yielding can be seen in Figs. 3.1f and 3.1g in the range from D 

to E. Associated with the yielding of the reinforcement were 



large cracks ranging from 1.1 to 2.25 mm wide. Unloading and 

reversal of the load resulted in a permanent strain which was 

constant for the remainder of the test. In addition, the slope 

of the load-deflection curve between points G and H coincided 

well with the stiffness of a cross-section composed of only the 

reinforcement. It should be noted that the stiffness of this 

section was influenced by the Bauschinger effect (a decrease in 

the elastic ~imit of the steel that accompanies loading and 

unloading through successive cycles in the opposite sense, Ref. 

11). It can be seen in Fig. 3.lj that the tension reinforcement 

in the region of decreasing axial compression was strained 

sufficiently for the Bauschinger effect to have a significant 

impact on the response of the column. 

These same tendencies addressed in the preceding 

discussion were observed for the remainder of the test (cycles 5 

through 10). The remaining cycles in Phase II (Fig. 3.1c) were 

nearly identical, which indicated that the energy dissipation 

characteristics of the specimen were essentially constant. The 

stiffness for these cycles, in the region of increasing axial 

compression, were significantly less due to damage incurred 

during the fourth cycle. The stiffness in the region of 

decreasing axial compression, however, changed very little. 

Crushing of the concrete observed on cycle 4 seemed to cause a 

decrease in maximum load for subsequent cycles (see phase III, 

Fig. 3.1d). 
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The numerical model was used to simulate column behavior 

and results for the first three cycles are shown in Fig. 4.4. A 

good cbrrelation between calculated and measured results can be 

seen in the figure, indicating that the basic premises used to 

develop the model are valid. Initial yielding of the 

reinforcement at maximum positive and negative displacements 

correlated well with strain measurements. The two distinct 

stiffnesses associated with the ranges of increasing and 

decreasing axial compression also appeared to model well. 

Furthermore, identical energy dissipation characteristics (area 

enclosed by the load-deflection curve) for subsequent cycles at 

equal displacements were observed for the physical as well as 

the numerical model. 

4.4 Column Specimen L4D3 

Specimen L4D3 (simulated dead load three times larger 

than Specimen L4D2) exhibited many of the same load-resistance 

mechanisms as Specimen L4D2. The stiffness of the specimen was 

significantly larger below rather than above the axis of zero 

load due to the increasing axial compression. Maximum loads 

were associated with yielding of the tension reinforcement as 

seen in the load versus strain measurements in Fig. 3.5c. Once 

again, the cycles at equal displacement were very similar. 



In general, the response of Specimen L4D3 was largely 

influenced by its position on the failure envelope of the 

load-moment interaction diagram (Fig. 4.5). Due to the large 

simulated gravity load and the given eccentricity, the 

intersection with the failure envelope (Fig. 4.5) was close to 

the balance point. By definition, the balance point is 

simultaneous yielding of the reinforcement and crushing of the 

concrete. This appears to have been the case with Specimen 

L4D3. A very unstable condition resulted from the balanced 

loading producing a compressive failure. The failure occurred 

while loading to maximum negative displacement during cycle 4. 

This was the same point at which crushing of the concrete was 

observed for Specimen L4D2. In the case of Specimen L4D3, 

however, crushing of the concrete was observed on a much larger 

scale due to the larger gravity load stress. 

Calculated results of load versus rotation from the 

numerical model are shown with the measured response of Specimen 

L4D3 in Fig. 4.6. Maximum loads predicted by the model matched 

well with the measured maximum loads. The shallow slope at 

maximum loads was associated with yielding of the tension 

reinforcement which corresponded well with strain measurement 

(Fig.3.5c). The load paths also modeled well as two distinct 

stiffnesses can be seen above and below the axis of zero load. 
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* Point Load ° r °t 0r/Ot *100 
(KN) (rom) (rom) 

1 2.39 0.09 0.20 45 

2 17.3 2.87 4.94 58 

3 22.2 4.27 7.52 57 

4 33.4 8.96 15.7 57 

5 27.3 10.6 17.2 62 

6 22.6 9.50 15.1 63 

7 13.3 7.01 11.0 64 

8 9.03 5.76 8.66 66 

9 4.58 4.37 6.55 67 

10 0.18 3.00 4.54 66 

11 -9.12 0.84 1. 49 56 

12 -19.0 -1.32 -1. 52 87 

13 -26.5 -2.76 -4.01 69 

14 -35.7 -4.67 -7.11 66 

15 -44.6 -6.76 -10.7 63 

16 -57.8 -10.4 -16.4 63 

17 -57.5 -11. 7 -18.1 65 

18 -42.2 -9.61 -15.1 64 

19 -28.6 -7.42 -11.4 65 

20 -11. 7 -4.29 -6.30 68 

* Points correspond to numbers in Fig. 4.1 

Table 4.1 Percentage of Overall Deflection Due 
to Base Rotation 
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Point Load EI/EIg 
(KN) 

Point Load EI/EIg 
(KN) 

1 20.1 .29 11 22.1 .33 

2 33.4 .20 12 0.67 .32 

3 13.3 .28 13 -15.1 .49 

4 -22.3 .43 14 -46.7 .55 

5 -35.6 .53 15 -56.7 .54 

6 -53.3 .52 16 -22.1 .54 

7 -35.8 .58 17 26.8 .26 

8 -11.8 .50 18 20.0 .28 

9 12.7 .26 19 6.54 .28 

10 31.1 .26 20 -27.6 .51 

Table 4.2 Effective Stiffnesses for the Column 
Above the Base (Specimen L4D2) 

• T-----+-----~----~----~----~-----+-----+----~ 
LORD V. DISP/L~2 

&1 OCL£5 I THRU ] 

'II 

~ 
21 

§ I 

f'2 _. 
~ -21 

-'II 

-fiI 

-. ~----+-----~----~----~----~-----+-----+-----4 
-BI.I -&1.1 -'11.1 -21.1 1.1 21.1 '11.1 &11.1 811.8 

DISPlRmtEHT RT lDRD LEVU, nn. 

Fig. 4.2 Identification of Points for Table 4.2 
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Fig. 4.3 Stress-strain Laws Used in the Numerical Model 
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CHAPTER V 

INVESTIGATION OF SCALING 

5.1 Introduction 

Scaling differences between small-scale models and 

large-scale reinforced concrete columns are examined in this 

chapter. More specifically there are two questions that need to 

be addressed: do the section properties scale; and does the 

response vary significantly because of possible inconsistent 

scaling of the gravity load? 

Past research has been done concerning the relationship 

between small-scale microconcrete models and large-scale 

reinforced concrete prototypes. Evans and Clarke (Ref. 7) 

suggested that moment-curvature can be reasonably modeled in 

beams for monotonically increasing loads (Fig. 5.1). Stewart 

and Abrams (Ref. 20) also showed a good correlation between 

large- and small-scale reinforced concrete beam-column 

assemblages for slowly applied load reversals (Fig. 5.2). A 

large-scale column (Specimen L4D2) tested in this study with a 

varying ratio of horizontal to vertical load is compared with a 

small-scale model tested by Gilbertson and Moehle (Ref. 9) in 
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this chapter. Each specimen was loaded with the same gravity 

load stress and subjected to several slowly applied load 

reversals. 

The differences in response due to inconsistent gravity 

load scaling are also addressed in this chapter. Measured 

results relating load and deflection are presented for the two 

large-scale specimens tested. These specimens were loaded with 

either a light (Specimen L4D2) or a heavy (Specimen L4D3) 

simulated gravity load. To assist in the identification of the 

response differences, the numerical model was used to simulate 

the change in stiffness of a column subjected to a strong 

earthquake motion. The hysteretic behavior is presented in 

terms of the load-deflection relationship and associated time 

deformation characteristics. 

5.2 Comparison of Behavior for Small and Large Specimens 
with Equal Gravity Load Stress 

Large- and small-scale specimens with the same gravity 

load stress were subjected to a series of slowly applied loading 

reversals. To compare large- and small-scale load-deflection 

and load-rotation relationships, the measured results of the 

small-scale test were adjusted by the length scale factor (x=6). 

The small-scale displacement was increased by the scale factor 

while the load was multiplied by the square of the scale factor 

according to the following criteria. 



Deflection at the top of the column can be calculated 

using fundamental moment area techniques. Assuming that plane 

sections remain plane, a curvature diagram can be constructed 

that should vary as the length scale factor. The area under the 

curvature diagram would produce a value for the rotation that is 

scale free. The moment of this area results in a value for 

deflection that should vary as the length scale factor. 

The specimen resists applied axial loads and moments 

through a combination of compressive force in the concrete and 

tensile force in the steel. 

where, 

e = 

fc = 

b = 

c = 

T = 

As = 

fs = 

e = b fo Cfc dy 

T = Asfs 

compressive force in concrete 

compressive stress in concrete 

width of section 

distance from outermost compression fiber to the 
neutral axis 

tensile force in steel 

area of tensile reinforcement 

stress in the steel 
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Each force varies as the square of the length scale factor. The 

sum of these forces (an imbalance could exist to account for any 

axial load present) multiplied by the distance between them 

produces the resisting moment that varies by the cube of the 

length scale factor. Hence, as the moment is divided by the 

height of the specimen, the applied horizontal load should vary 

as the square of the length scale factor. Since both large- and 

small-scale concrete and steel properties were similar, a good 

comparison should be possible. For a comparison of small- and 

large-scale material properties, see Fig. 5.3. 

A comparison of the first three cycles (Phase I) of the 

large- and small-scale specimens is shown in Fig. 5.4. The same 

general trends of hysteretic response appeared to govern both 

large- and small-scale response. Maximum loads as well as 

loading paths appear to correspond quite well. As was the case 

with Specimen L4D2, the small-scale specimen was significantly 

stiffer below the axis of zero load. An analysis of the portion 

of the column above the base in terms of EI for large-scale 

Specimen L4D2 (Sec. 4.2) suggested a linear response. The same 

analysis for the small-scale specimen also suggested a linear 

response. A selection of points for the first three cycles is 

shown in Fig. 5.5. Although slightly stiffer than the 

large-scale specimen, the ratio of EI to the EI for the gross 

section remained constant with an average value of 0.40 in the 
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range of decreasing axial compression and 0.60 in the range of 

increasing axial compression. 

Similar tendencies in energy-dissipation characteristics 

were observed for small- and large-scale specimens in Phase I. 

Subsequent cycles at equal displacements (cycles 2 and 3) 

enclosed a smaller area than for the initial cycle curve, for 

each specimen. 

Cycles 4 through 5 for the small-scale specimen and 

cycles 4 through 6 for the large-scale specimen are shown in 

Fig. 5.6. The specimens were displaced approximately ~2% of the 

column height for each cycle. Even with a high degree of 

nonlinear behavior a good correlation can be seen between large 

and small specimens. Maximum loads associated with a very 

shallow slope on cycle 4 showed good correspondence between the 

two specimens. The characteristic pinching effect due to 

yielding of the compression reinforcement before the flexural 

cracks closed (Sec. 4.3) can also be seen in the small-scale 

response as the load path crosses the axis of zero displacement, 

approaching maximum negative displacement. Each specimen also 

displayed a gradual change in stiffness through unloading from 

maximum negative displacement to loading toward maximum positive 

displacement. Contrary to the pinching effect observed on the 

previous half cycle, the gradual change in stiffness was due to 

a failure to close the flexural cracks as proposed in Section 

4.3. 
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Subsequent cycles were also similar in nature. Both 

large- and small-scale specimens were observed to have a 

significant decrease in stiffness after the fourth cycle due to 

damage that occurred during that cycle. Phase III, the 

remaining cycles in each test, are shown in Fig. 5.7. Each 

specimen displayed a loss of strength as well as a further 

degradation in stiffness in regions of increasing axial 

compression. No loss of strength was observed for either 

specimen in the region of decreasing axial compression. 

Loading the small-scale specimen through regions of 

decreasing axial compression resulted in a substantial increase 

in displacement with little increase in load. Analogous loading 

of the large-scale specimen resulted in a slight resistance in 

this region. This difference may be attributable to different 

amounts of bond deterioration for the wire and the deformed bar. 

5.3 Differences in ReSponse Due to Inconsistent Gravity 
Load Scaling 

Correct modeling of gravity loads can be an essential 

factor in predicting prototype response with small-scale models. 

For a model reduced in geometric proportions only, normal stress 

due to gravity loads should be the scale factor (less than one) 

times the stress in a full-scale structure (Appendix B). A 

one-tenth scale model, for instance, should have a gravity load 

stress one-tenth as large as the full-scale prototype stress. 
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To model the actual strength and behavior of the prototype 

structure, however, the full-scale gravity load stress should 

also be applied to the small-scale model. Therefore, a gravity 

load stress equal to that in a full-scale multistory building 

was applied to Specimen L4D3. With Specimen L4D2 (light gravity 

load stress) as a comparison, the differences in response due to 

inconsistent gravity load scaling can be examined. 

A comparison of initial cycles for each specimen is 

shown in Fig. 5.8. For the first quarter cycle, the stiffness 

before the first crack was observed was 25% larger for Specimen 

L4D3. Once the specimen had cracked, Specimen L4D2 exhibited a 

nearly constant stiffness to the point of maximum positive 

displacement. Due to the higher compressive load, Specimen L4D3 

was observed to have a gradual change in stiffness. 

Neither specimen had a prominent change in stiffness as 

the load path crossed the axis of zero load towards maximum 

negative displacement. The cracked stiffness in this region was 

about 30% larger for Specimen L4D3. Once the first cycle was 

completed, each specimen exhibited the same energy dissipation 

characteristics for. subsequent cycles of equal displacement. A 

tabular comparison of loads and stiffness for the two specimens 

is provided in Table 5.2. 
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In general, the greater gravity load stress of Specimen 

L4D3 resulted in greater loads and larger stiffnesses in regions 

of both increasing and decreasing axial compression. These 

differences in response were observed for slowly applied load 

reversals or essentially a static load condition. Therefore, a 

dynamic model was developed to illustrate further any variation 

in response of columns with different gravity load stresses. 

The dynamic analysis consisted of a step-by-step 

integration method (Ref. 5). The procedure evaluated the 

response for short time increments and assumed that the 

properties of the system remained constant over the interval. 

Dynamic equilibrium was established at the beginning and end of 

each interval, and the properties of the system were also 

updated at this time. In this manner, the highly nonlinear 

behavior of the system could be approximated by a series of 

linear systems. 

The nonlinear dynamic model consisted of a 

single-degree-of-freedom oscillator with a concentrated mass and 

a dashpot (Fig. 5.9). A nonlinear rotational spring was 

attached to the base of a linear column which was then excited 

by motion at the base. 

The stiffness of the rotational spring was calculated 

using the numerical model (Sec. 4.2) which was modified for a 

small-scale structure. An incremental displacement from the 
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dynamic analysis was supplied to the numerical model which in 

turn updated the properties of the column and provided the 

current stiffness for the next time increment. A ratio of 

vertical to horizontal load of four to one was imposed to 

simulate the loading configuration on a base story column in a 

multistory building. The concentrated mass was estimated by 

approximating the overall stiffness of the system and dividing 

that quantity by the square of the angular velocity of the 

fundamental mode of small-scale structures tested at the 

University of Illinois (Ref. 1). 

Excitation at the base consisted of recorded ground 

accelerations for the first ten seconds of the N-S component of 

the 1940 El Centro earthquake. The time scale was compressed by 

a factor of 2.5 resulting in a four second earthquake to be 

compatible with the small-scale multistory structure. 

Response of a small-scale column with a light gravity 

load stress to motion at the base is shown in Fig. 5.10. The 

intensity of the earthquake was adjusted so that maximum 

response without failure (crushing of the concrete or fracture 

of the reinforcement) would result. Response of the lightly 

stressed model (Fig. 5.10) was characterized by extensive 

yielding of the tension reinforcement above the axis of zero 

load (displacement approximately +2% of the column height). 

Deformation below the axis of zero load was only 1.5% of the 
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column height but loads and stiffnesses were significantly 

greater. 

The same dynamic model was subjected to a base motion of 

equal intensity but with a gravity load stress representing the 

full-scale gravity stress in a multistory building. This 

combination of gravity load and eccentricity intersects the 

failure-envelope of the load-moment interaction diagram near the 

balance point (Fig. 5.11). Response to the base excitation for 

this stress level is shown in Fig. 5.12. 

Compared to the light gravity stress model, the response 

of the column with the heavy gravity stress was slightly stiffer. 

and attained greater loads. These were essentially the same 

differences observed for the static case. However, for the same 

intensity earthquake, the greater compressive load reduced the 

ductility enough to cause a failure approximately halfway 

through the simulated base motions. 

The dynamic response at these two stress levels 

corresponded well with observed behavior of Specimens L4D2 and 

L4D3. Specimen L4D2 (light gravity stress) was very ductile and 

exhibited only slight evidence of a compressive failure (Fig. 

5.13). Specimen L4D3 (full-scale stress) displayed noticeable 

crushing of concrete (Fig. 5.13) and failed at approximately the 

same relative displacement as the dynamic model in Fig. 5.12. 



To illustrate further the importance of consistent 

modeling of the gravity load an even larger gravity load was 

applied to the column. This gravity load produced an 

intersection with the failure envelope on the load-moment 

interaction diagram above the balance point (Fig. 5.11). 

Response to the same intensity earthquake as the previous two 

stress levels is shown in Fig. 5.14. Load-deflection and 

time-deformation characteristics are similar to the full-scale 

stress level response. The larger compressive load appeared to 

decrease the ductility further producing a compressive failure 

less than halfway through the earthquake. 

The results from the dynamic analysis can be used to 

provide an upper bound on the response of a multistory structure 

subjected to a strong base motion. However, to infer behavior 

of the entire structure, the nonlinear model must be assumed to 

act in tandem with an identical model in which the applied axial 

load would have the opposite sense (Fig. 5.15). The applied 

shear loads would be in the same direction to resist the lateral 

loads. 

As the structure displaces, a decreasing axial 

compression would be applied to one column while an increasing 

axial compression would be applied to the other column. The net 

affect on the structure would be an average response of the two 

columns. Unlike the response of the individual columns, the 

overall response would be symmetric about the axis of zero load. 

89 
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In terms of the preceding discussion, results from the 

dynamic analysis for the light gravity stress and the full-scale 

gravity stress can be used to provide an upper bound on the 

differences in response of structure due to inconsistent scaling 

of gravity loads. The average response of the column with a 

full-scale gravity stress (Fig. 5.12) would have larger maximum 

shear load and a larger stiffness than the average response of 

the column with the light gravity stress (Fig. 5.10). The 

overall response of the structure would behave in the same 

manner. Further differences in the overall response of the 

structure would result from the lack of ductility of the 

structure with the full-scale gravity stress. 



150 

125 

100 

E 
z 
I 0 f-

z 75 
~O ill 

:;: 
0 

{;)&(;]O :;: 
~O 

50 

~ 

25 

a 25 50 75 100 125 150 

CURVATURE-km 1 

o o o o 

23·5 

r-1 200 

r---·~I 

·1D~ro 
prototype model 

-- protolype beam 6 

o model beam lA 
<> model beam 1 B 
o model beam 1 C 

175 200 225 

91 

250 

Fig. 5.1 Moment-Curvature Relations for Three Identi­
cal Hodel Beams, with Typical Prototype 
Relation for Comparison (Evans and Clarke) 



92 

1.1I111----+-------O---'"f'"""-------------T 

li.iS IJI 

II.S11 

CYCLES 'I THRlI 1 

v 
~ lI.IIlIl--t--------;~--::~~r!:?--------1 

§ -us 
Ef 
a:! 
8: -lisa 

-I.ili! +-----t----o----.---+-----.... ---... ---,>----~ 
-2.11 -I.S -1.1 -il .. S Ii.il liS 1.11 I.S 2.11 

.JUIHT RDlllllUIf X h"ll 11111>111115 

l.ilil1'------------<>----__ ----.." ......... 1'--I-+------,. 

lI.iS L-IJI 

I.SI 
CYCLES 'I TIIRU ./ 

-'I.1S 

-1.1111 +-----+----.... ---.. --__+--.--o----..... t---o___---

-2.1 -IS 

Fig. 5.2(a) 

-1.11 -liS 1i.1 III.S 1.11 IS 

JOINT kilTHTiUN XIMMI HfI~lflll5 

Comparison of Large- and Small-Scale 
Interior Joints (Stewart and Abrams) 

2.1! 



1.i!1I 

II.'!> ELI I 

iI.SiI 

IE CYCLES 4 THEm 7 
::I 

d 1I.2S 

>-
...; 

11.1111 £5 ...... 
§ 

-iUS 
a 
-' .... 
a.. 
a:: -IISII 

-II.'S 

-1.11.1 +----1-----1-1 ---0__---.+-----.. --0- 1----->-----

-2.11 -u -I.e! - itS II.loI 11.5' l.iI 

JIJ I NT HilHlTIlIIl X I ~kI} HHll I tillS 

UB 

iI.7S L-EJI 

IISB 

i'i: CYCLES 4 THEm 7 
::I 

d 1I.2!> 

>-

...; 
lI.ili! _J 

15 ...... 
§ 

-B.2S 
t:I 
_J 
CL. 
1'1. 
a:: -IUit 

-iUS 

-1.1111 +----.. ---I----t-----~--- 1-1 ----1----.... 1-----

-2.iI -u -l.iI -il.S iI.iI 1.11 

LlU I NT RIlT HT IlJN X IIlkl} ilHI>ltIH5 

Fig. S.2(b) Comparison of Large- and Small-Scale 
Exterior Joints (Stewart and Abrams) 

2.iI 

2.i1 

93 



94 

m 
Ai 

40 

30 

e 20 

III 
III 
(J) 
+l 
Ul 

10 

/ 
/ 

/ 

/ 
/ 

Small-scale /' ---­
,/ 

/ 
I 

/ 

/ 
/ 

/ 

/ 
/ 

/ 

Large-scale 

o L-________ ~ ________ ~ ________ ~ ________ ~ 

o 

Fig. 5.3(a) 

0.001 0.002 

Strain 

0.003 

Comparison of Concrete Properties for 
Large- and Small-Scale Specimens 

0.004 



6
0

0
 

5
0

0
 

4
0

0
 

cO
 §: II
) 

3
0

0
 

II
) 

Q
) H
 

+J
 

U
l 

2
0

0
 

1
0

0
 o 

L
a
rg

e
-s

c
a
le

 

--
--

--
-
-

--
-
-
-
-
--

--
-

--
-
-

--
--

--
S

m
a
ll

-s
c
a
le

 

o 
0

.0
1

 
0

.0
2

 
0

.0
3

 

S
tr

a
in

 

-
F

ig
. 

5
.3

 (
0

) 
C

o
rr

.p
a
ri

so
n

 
o

f 
S

te
e
l 

P
ro

p
e
rt

ie
s
, 

L
a
rg

e
--

a
n

d
 

S
m

a
ll

-S
c
a
le

 
\0

 
U

1 



96 

:z 

; 
~ 

Ii 

i5 

~ 
~ 

~ 

4P 

81 -t---------+---+-----t-App 1 i ed t I Dead load 
+ (constant) 

SIIRLL -SCRlEJ 5P£C1I1EII load, P 

&I CYCLES I THRU ] 

21 4P 

Applied 1 ~ Dead load compression 
• load <f--

P 

-21 

-'II 

-&I (Phase I) 

Increasing axial compression 
-al ~--__ ----+-----+----~----+---~---~---4 

-0.1 -&1.1 -'II.. -21.1 ••• lB.. ~ •• &1.1 al .• 
DISPLRCElI£IIl 8T LORD lUEUIi, Itlt. 

U +-----~---__+-----~----~---~------~---~---_T 

68 

'28 

• 
-'28 

-'lB 

-68 

LDRD Y. DISP, L~D2 

OCLES I THRU ] 

(Phase I) 

-u ~----~-----+------+------~-----+------~----~-----+ 
-Bl.8 -&&.& -'lB.. -21.. ..1 21.8 'lB.8 68.8 U.1i 

DISPLRCEltEHl 81 LDRD LEVEL, "". 

Fig. 5.4 Comparison of Large- and Small-Scale Results 



Point Cycle Load (KN) E1/E1g 

1 1 0.84 0.46 

2 1 0.40 0.41 

3 1 -0.98 0.55 

4 1 -0.98 0.49 

5 2 0.67 0.38 

6 2 0.36 0.40 

7 2 -0.89 0.56 

8 2 -1.20 0.60 

9 3 0.71 0.39 

10 3 -0.49 0.56 

11 3 -1.69 0.58 

12 3 -.93 0.61 

13 3 0 0.37 
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Property L4J)2 

s:! Cracking load llKN 0 
.r-! 
Ul Cracking stiffness B.2KN 

b"lUl 
s:! (J) nun 

.r-! !-l 
UlD.. 
rcl S Yield load 35KN 
(!) 0 
!-lU Stiffness to yield 1.6KN 0 
(!)r-I nun Cl cO 

.r-! 
~ 

.::r: 

Cracking load IBKN 
s:! 
0 

.r-! 
Ul 

b"lUl 
s:! (!) Yield load 60KN .r-! !-l 
UlD.. 
cO S Stiffness to yield 2.4KN (!) 0 
!-lU -
0 nun 
s:!r-I 
HcO 

.r-! 
~ 

.::r: 

Table 5.2 Comparison of Measured Properties 
Specimens L4D2 and L4D3 
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L4D3 

22KN 

1.B~ 
nun 

4BKN 

1.BKN 
nun 

27KN 

74KN 

3.6KN -nun 
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Mass 
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L4D2, Light Gravity Stress 

L4D3, Actual Full-Scale Gravity Stress 

Fig. 5.13 Comparison of Failure Damage 
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CHAPl'ER VI 

SUMMARY AND CONCLUSIONS 

6.1 Surranary 

The objective of this experimental study was to examine 

the behavior of reinforced concrete columns subject to shear and 

axial force reversals and to compare the response with 

small-scale models. Two large-scale reinforced concrete columns 

were tested with a ratio of shear to axial force of one to four 

(1:4) to simulate the load configuration on an exterior base 

story column in a slender multistory structure. A loading 

apparatus was developed to apply the shear and axial load at 

this ratio. Response of the large-scale specimens was compared 

with measured response of small-scale (approximately one-twelfth 

scale) models which were tested as part of a previous 

investigation. 

The test parameter for the large-scale testing was the 

amount of sustained load which represented gravity load in a 

multistory structure. A sustained load was applied to the first. 

specimen to provide a normal stress equal to that in a 

small-scale model so that size effects could be examined. A 

j /) if 
t ... ! 
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second specimen was loaded with a sustained load three times 

larger than the first specimen to produce a gravity stress 

similar to that in a full-scale multistory building. In this 

manner, differences in response due to inconsistent scaling of 

gravity loads could be investigated. 

A numerical model was developed to compute hysteresis 

relationships using information on the section properties and 

the stress-strain characteristics of the steel and the concrete. 

The model was verified using test results. As a result, a 

better understanding of the load-resistance mechanisms governing 

the response of the specimens was gained. 

The numerical model was used in a nonlinear dynamic 

analysis to investigate the sensitivities of the overall 

response of a multistory building to variations in 

load-deflection relations of base story columns. 

6.2 Conclusions 

For large- and small-scale specimens with the same 

normal sustained stress, hysteretic behavior was similar. 

Flexural strengths, stiffness and energy-dissipation 

characteristics of large-scale reinforced concrete columns could 

be approximated reasonably well with small-scale models. 

Correlation in behavior of the two columns was valid for the 

entire range of response. Stiffness of the uncracked as well as 
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cracked specimen corresponded well. Mechanisms comprising the 

ultimate strength of the section were independent of size. 

unloading slopes were similar. The closing of major flexural 

cracks (in regions of large deformations) was modeled well by 

the small-scale specimen as the "pinching" effect was observed 

in the same range for both specimens. The absence of crack 

closure on opposite half cycles also modeled well as no pinching 

was observed for either specimen. Overall response of both 

large- and small-scale specimens was dependent on loading 

histories. 

For large- and small-scale specimens with different 

sustained normal stresses, the behavior was dissimilar. The 

small-scale model which had a sustained-load stress lighter than 

the large-scale reinforced concrete column behaved in a ductile 

manner characteristic of a section below the balanced point on 

an axial load-moment interaction diagram. The large-scale 

specimen responded typically of a member controlled by axial 

compression, or above the balanced point. The load-deflection 

curve was rounded under monotonically increasing loads 

suggesting a dominance of the concrete behavior on the overall 

behavior of the member. The stiffness upon initial loading was 

significantly larger for the large-scale specimen which resulted 

in higher shears being attracted to the column during an 

excitation at the base. The relatively ductile behavior of the 
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small-scale specimen resulted in little strength deterioration 

with successive cycles of loading. This behavior was not 

representative of an actual column, however, where the concrete 

may crush at a maximum load resulting in a reduction of 

strength. 

In conclusion, base-story columns of a reduced-scale 

model building may represent the hysteretic response of 

full-scale reinforced concrete construction reasonably well. 

The designer of such a test structure should be aware, however, 

of the sensitivities of the response due to inconsistent 

modeling of gravity loads, and in some way account for these 

differences. 

6.3 Recommendations for Future Research 

A larger body of experimental data needs to be developed 

concerning the behavior of reinforced concrete columns. A 

better understanding of the response of the base story could 

provide a safer and possibly a more economical seismic design. 

This may be accomplished by performing cyclic load tests with 

different ratios of shear to axial force so that bounds for 

various building configurations can be examined. 
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The Numerical Model 

The program was written in Fortran IV and 

compiled on the CDC 7600 computer at the University 

of Colorado. The most important calculation in the 

program was a value for the curvature of the scetion 

for a given axial load and moment. The curvature 

was defined by the following expression. 

<I> = 1:L EI 

The nonlinear characteristics of the section were 

accounted for by dividing the section into several 

elements. 

Concrete Elements 

:y---
M 

section 

centerline 

Steel Elements 



Each element had its own stress-strain charac­

teristics according to the models in Fig. 4.3. 

The slope of the stress-strain relation was used 

to approximate the modulus E, for each load step. 

These values were updated at the end of each load 

step. Once the tangent modulus for each element 

was modified for the current load conditions, the 

axial load and moment were incremented and the 

procedure was repeated. 

A flowchart and the listing of the program 

are presented on the following pages. 

119 
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Initialize 
All 
Variables 

Apply increment 
of axial load 
and moment 

Calculate the 
Response of 
the section 

Flowchart 
Program Section 

Element has 
Unloaded, use 
Elastic mod. 

~oes 
trial mod-

ulus match the NO 

V
ssumed trial . 

modulus 
(E) 

YES 

Correct response 
has been found, 
Calculate rotation 

Update tangent 
Modulus for each 
Element 



C 

PROGRAM SECTION(INPUT,OUTPUT,TAPE5=INPUT,TAPE6=OUTPUT) 
DIMENSION DSTRN(7l,CSTRN(7),TSTRS(5l,TRIMOD(7l,TENSMOD(7l, 

1 COMPMOD(7l,ETAN(7),LDIR(7),GSIG(7l,GSTRN(7), 
2 S I G ( 7) , I FLG ( 5 l , F ( 7 l , CS I G ( 7 l , TSTRN ( 7 l 

COMMON H,DO,NE,H1 

C*****H IS THE LENGTH OF THE SECTION 
C*****DO IS THE WIDTH OF ONE ELEMENT 
C*****NE IS THE NUMBER OF ELEMENTS 
C*****H1 IS THE DIST FROM CENTERLINE OF SECT TO CENTROID OF THE 
C FIRST ELEMENT 
C*****DELTA IS THE HORIZONTAL DISPLACEMENT AT LOAD LEVEL 
C*****THETA IS THE ROTATION NEAR THE BASE 

XPHI =0. 
C 
C INITALIZE ALL VARIABLES 
C 

N=O 
L=O 
A=l. 
M=l 
DELTAS=O. 
TLOAD=O. 
YBAR=O. 
YYBAR=O. 
THETAS=O. 
ROT=O. 
LPO=O 
DELTA=O. 
THETA=O. 
H=12. 
TDISP=.0068 
CDISP=.0077 
XSTRN=O. 
PHI =0. 
DO=2.4 
H1=H/2.-DO/2. 
NE=5 
NET=NE+2 
DO 10 l=l,NET 
DSTRN(I)=O. 
TRIMOD(ll=O. 
TENSMOD ( I ) = 0 . 
COMPMOD(ll=O. 
LDI R( I l =0 
SIG(ll=O. 
TSTRN(ll=O. 
GSTRN(ll=O. 
CSTRN(ll=O. 

10 CONTINUE 
GSIG(NE+l1=62. 
GSIG(NE+21=62. 
CSIGCNE+l1=-62. 
CSIG(NE+2)=-62. 
DO 11 J=l,NE 
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C 

TSTRS(J)=O. 
GSIG(J)=O. 
IFLG(J)=O 
ETAN(J)=3000. 

11 CONTINUE 
ETAN(NE+1)=29000. 
ETAN(NE+2)=29000. 

C*****SET INITIAL HORIZONTAL LOAD INCREMENT 
C 
C 
C*****CALCULATE THE CURVATURE(XPHI) AT THE BASE FOR EACH 
C LOAD INCREMENT 
C 

C 

50 IF(L .LT. 6)GO TO 71 
A=A+1. 
TDISP=.007*A 
L=O 

C THE FOLLOWING STATEMENTS DEFINE A VARIABLE LOADING 
C TO ACCOUNT FOR NONLINEAR EFFECTS 
C 

C 

71 CONTI NUE 
IF(ABS(SIG(NE+1» .GE. 60.)GO TO 60 
IF(ABS(SIG(NE~2» .GE. 60. )GO TO 60 
XM=O. 
XP=-5.2 
IF(N .LE. 4)GO TO 51 

61 I F ( (S I G ( 1) . GT. -1.) . AND. ( S I G ( NE + 1) . LE . - 60. ) ) GO TO 72 
XM=19.2*M 
XP=1.28*M 

51 CONTI NUE 
GO TO 70 

60 IF«TLOAD .GT. 0.) .AND. (LDIR(NE+1) .EQ.-1»GO TO 61 
IF«TLOAD .LT. 0.) .AND. (LDIR(NE+2) .EQ.-1»GO TO 61 
IF«(SIG(NE+1» .LE. -60.) .AND. «SIG(NE+2» 

1 .LE. 60. »GO TO 61 
XM=.96*M 
XP=.064*M 
GO TO 70 

72 XM=.46*M 
XP=.032*M 

70 CONTINUE 

C*****INITIALIZE THE MODULI FOR EACH ELEMEMT 
C 

CALL INIT(NE,NET,TENSMOD,COMPMOD,TRIMOD,ETAN,LDIR) 
C 
C ITERATE TO DETERMINE THE NUETRAL AXIS 
C 

NATRY=O 
15 NATRY=NATRY+1 

CALL RESPONS(NET,YBAR,XM.XP,TRIMOD,XSTRN,DSTRN,XPHI) 
CALL CHKNA(K2,DSTRN,TRIMOD,TENSMOD,COMPMOD,NET) 
IF(K2 .EQ. O)GO TO 30 
IF(NATRY .GT. 10) GO TO 20 
GO TO 15 

20 WRITE(6,100) 
30 CONTINUE 

DO 12 K=l.NET 



C 

TSTRNCK)=TSTRNCK)+DSTRNCK) 
12 CONTINUE 

PHI=PHI+XPHI 

C CALCULATE PULLOUT OF REINFORCEMENT 
C 

C 

IF(ABSCPHI) .LT .. 000002)GO TO 64 
YYBAR=-CTSTRN(3)/PHI) 
IFCPHI .GE. O.)GO TO 62 
DELTAS=-TSTRNCNE+2)*3. 
THETAS=DELTAS/(4.25+ABSCYYBAR» 
GO TO 63 

62 DELTAS=TSTRN(NE+ll*6. 
THETAS=DELTAS/(4.25+ABSCYYBAR» 
GO TO 63 

64 CONTINUE 
THETAS=O. 

S3 CONTINUE 

C DETERMINE ROTATIONS AND DEFLECTIONS FROM CURRENT CURVATURE 
C 

C 

THETA=PHI*30.+THETAS 
DELTA=THETA*40. 
ROT=PHI*10.+THETAS 

C*****UPDATE ELEMENT MODULI 
C 

C 
C 

CALL 
1 

CALL 
1 

N=N+1 

ELMNT2CCSTRN,DSTRN,TSTRN,LDIR,SIG,NE,GSTRN,ETAN,NET 
,TSTRS, I FLG) 

ELMNT1(TSTRN,DSTRN,LDIR,SIG,NET,NE,ETAN,GSIG,CSIG,GSTRN 
,L,A,CSTRN) 

IFCLPO .EQ. O)GO TO 80 
WRITE(S,230) 
WRITE(S,225)SIG 
WRITE(S,225)TSTRN 
WRITE(6,225lETAN 

80 CONTINUE 
IF(CTLOAD .GT. 2.) .OR. CTLOAD .LT. ~2. »GO TO 82 
I F ( ( L . EQ. 1 ) . OR. (L. EQ . 3) . OR. (L. EQ . 5) ) GO TO 81 
TDISP=.0069*A 
GO TO 82 

81 TDISP=CDISP*A 
82 CONTINUE 

IF(ABS(PHI) .GE .. 0015)GO TO 75 
TLOAD=TLOAD+XM/SO. 
WRITE(6,2001TLOAD,PHI,ROT,DELTA,YYBAR 
IFCN .GE. 900)GO TO 75 

C CHECK TO SEE IF MAXIMUM ROTATIONS HAVE BEEN REACHED 
C 

IF(ABS(ROT) .GE. ABSCTDISP»GO TO 52 
GO TO 50 

52 M=-M 
TDISP=ROT 
L=L+1 
GO TO 50 

100 FORMAT(2X, 'TRYS FOR NA HAVE BEEN EXCEEDED') 
225 FORMAT(2X,7E1S.5) 
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C 
C 
C 
C 

C 

230 FORMAT(2X, '-----------------') 
200 FORMAT(2X,Fl0.6,5X,Fl0.7,5X,Fl0.7,5X,Fl0.7,5X,Fl0.7) 
75 CONTINUE 

STOP 
END 

SUBROUTINE INIT (NE,NET,TENSMOD,COMPMOD,TRIMOD,ETAN,LDIR) 
DIMENSION TRIMOD(NET) ,TENSMOD(NET) ,COMPMOD(NET) ,ETAN(NET) 
DIMENSION LDIR(NET) 

C THIS SUBROUTINE INITIALIZES THE TANGENT MODULI FOR EACH 
C ELEMENT AND PROVIDES THE ELASTIC MODULI IN THE EVENT OF 
C A LOAD REVERSAL 
C 

C 
C 
C 

DO 200 l=l,NE 
TRIMOD(I)=ETAN(I) 
IF(LDIR(I) .EQ. -l)GO TO 100 
COMPMOD(I)=ETAN(I) 
TENSMOD(I)=ETAN(I) 
GO TO 200 

100 COMPMOD(I)=ETAN(I) 
TENSMOD(I)=3000. 

200 CONTINUE 
TRIMOO(NE+l)=ETAN(NE+l) 
TRIMOO(NE+2)=ETAN(NE+2) 
IF(LDIR(NE+l) .EQ. 1) GO TO 110 
TENSMOD(NE+1)=29000. 
COMPMOO(NE+1)=ETAN(NE+1) 
GO TO 220 

110 TENSMOD(NE+1)=ETAN(NE+1) 
COMPMOD(NE+1)=29000. 

220 IF(LDIR(NE+2) .EQ. 1) GO TO 115 
TENSMOD(NE+2) =29000. 
COMPMOD(NE+2)=ETAN(NE+2) 
GO TO 225 

115 TENSMOD(NE+2)=ETAN(NE+2) 
COMPMOD(NE+2) =29000. 

225 CONTINUE 
RETURN 
END 

SUBROUTINE CHKNA(K2,DSTRN,TRIMOD,TENSMOD,COMPMOD,NET) 
DIMENSION DSTRN(NET),TRIMOO(NET),TENSMOD(NET),COMPMOO(NET) 

C 
C THIS SUBROUTINE CHECKS TO SEE IF THE MODULI ASSUMED FOR 
C EACH ELEMNT IS CORRECT 
C 

K2=0 
DO 20 l=l,NET 
IF(DSTRN(I) .LT. 0.) GO TO 10 
IF(TRIMOD(I) .EQ. TENSMOD(I»GO TO 20 



C 
C 
C 
C 

C 

TRIMODCIJ=TENSMODCI) 
K2=K2+1 
GO TO 20 

10 IFCTRIMODCI) .EQ. COMPMODCI»GO TO 20 
TRIMODCI)=COMPMODCI) 
K2=K2+1 

20 CONTINUE 
RETURN 
END 

SUBROUTINE RESPONSCNET,YBAR,TXM,XP,TRIMOD,XSTRN, 
1 DSTRN,XPHI) 

DIMENSION TRIMODCNET),DSTRNCNET) 
COMMON H,DO,NE,Hl 

C THIS SUBROUTINE CALCULATES THE CURVATURE FOR THE GIVEN 
C INCREMENT USING THE CURRENT VALUE OF THE TANGENT MODULUS 
C AND MOMENT OF INERTIA FOR EACH ELEMENT 
C 
C 

AE=O. 
AEC=O. 
QE=O. 
QEC=O. 
P=O. 
Q=O. 
EI=O. 
EICT=O. 
A1=DO)f(9. 
/·\ES1=0. 
AES2=0. 
QES=O. 
EISELF=.75*DO**3. 
DO 10 l=l,NE 
DE=Hl-CQ*DO) 
Q=Q+1. 
AE=Al*TRIMODCII 
AEC=AEC+AE 
QE=AE*DE 
QEC=QEC+QE 
EI=AE*DE**2.+EISELF*TRIMelDCIJ 

10 EICT=EICT+EI 
AES1=.88*TRIMODCNE+1) 
AES2=.88*TRIMODCNE+2) 
QES=4.25*CAES1-AES2J 
EIS=.03106*CTRIMODCNE+1)+TRIMODCNE+2»+CAES1+AES2)*4.25**2. 
AET=AEC+AES1+AES2 
QET=QES+QEC 
EIT=EICT+EIS 
YBAR=QET/AET 
EITT=EIT-QET*YBAR 
XM=TXM-YBAR*XP 
XPHI=XM/EITT 
XSTRN=XP/AET 
DO 15 J=l,NE 
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C 
C 
C 
C 
C 

DC=H1-CP*DO) 
P=P+1 . 

15 DSTRNCJ)=XPHI*CDC-YBAR)+XSTRN 
DSTRNCNE+1)=XPHI*C4.25-YBAR)+XSTRN 
DSTRN(NE+2)=XPHI*C-4.25-YBAR)+XSTRN 
RETURN 
END 

SUBROUTINE ELMNT1CTSTRN,DSTRN,LDIR,SIG,NET,NE,ETAN,GSIG 
1 ,CSIG,GSTRN,L,A,CSTRN) 

DIMENSION GSIG(NET),CSIG(NET),CSTRNCNET),GSTRNCNET) 
DIMENSION TSTRNCNET),DSTRNCNET),LDIRCNET),SIGCNET),ETANCNET) 

C 
C THIS SUBROUTINE UPDATES THE TANGENT MODULUS FOR EACH 
C STEEL ELEMENT ACCORDING TO THE PERSCRIBED STRESS-STRAIN 
C CHARACTERISTICS 
C 

NE1=NE+1 
DO 16 J=NE1,NET 
IFCABSCDSTRN(J» .LE .. 000001)GO TO 16 
LDIRCJ)=ABS(DSTRN(J»/DSTRNCJ) 
SIGCJ)=SIG(J)+DSTRN(J)*ETAN(J) 
LDIR(J)=ABS(DSTRN(J»/DSTRN(J) 
I F ( (L . LT. 2) . AND. ( A . EQ . 1.» GO TO 50 
IFC(A .EQ. 2.) .AND. (L .EQ. 1»CSTRN(NE+1)=-.006 
IF(SIG(J) .LT. O.)GO TO 24 
IF ( (LD I R C J) . EQ. -1) . AND. (S I G ( J ) . GE. 0.» GO TO 27 
IF(GSIG(NET) .LE. 62.)GSTRN(NET)=.00213 
IF(TSTRN(J) .GE. GSTRN(J»GO TO 32 
IF C S I G (J ) . GE . 15.) GO TO 31 
ETANCJ)=29000. 
EPS=GSTRN(J)-TSTRN(J) 
GO TO 20 

27 ETAN(J)=29000. 
GO TO 20 

31 I F (S I G ( J ) . GE. GS I G ( J) ) GO TO 32 
ETAN(J)=(GSIG(J)-15.)/EPS 
GO TO 20 

32 ETANCJ)=.29 
GSIGCJ)=SIGCJ) 
GSTRN(J)=TSTRN(J) 
GO TO 20 

24 I F ( (LD I R ( J ) . EQ. 1) . AND. C S I G ( J ) . LT. 0.» GO TO 25 
IF(J .EQ. NET)GO TO 28 
IF(TSTRNCJ) .LE. CSTRN(J»GO TO 22 
I F C S I G C J ) . LE . - 1 5. ) GO TO 21 
ETAN(J)=29000. 
CEPS=TSTRNCJ)-CSTRN(J) 
GO TO 20 

25 ETAN(J)=29000. 
GO TO 20 

21 IFCSIGCJ) .LE. CSIG(J»GO TO 22 
ETANCJ)=ABS«CSIG(J)+15. )/CEPS) 
GC! TO 20 
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28 IFCSIGCJ) .GE. - 1 5. ) GO TO 29 
ETANCJ)=20000. 
Gel TO 20 

29 ETANeJ)=29000. 
GO TO 20 

22 ETANCJ)=.29 
CSIG(J)=SIG(J) 
CSTRN(J)=TSTRN(J) 
GO TO 20 

50 CONTINUE 
IF(SIG(J) .LT. O)GO TO 14 
IFCSIG(J) .GT. GSIG(J»GO TO 12 
ETAN(J)=29000. 
GO TO 20 

12 ETAN(J)=.29 
GSTRN(J)=TSTRN(J) 
GSIG(J)=SIG(J) 
GO TO 20 

14 IF(SIG(J) .LE. CSIG( J) )GO TO 11 
ETAN(J)=29000. 
GO TO 20 

11 ETAN(J)=.29 
CSTRN(J)=TSTRN(J) 
CSIG(J)=SIGCJ) 

20 CONTINUE 
16 CONTINUE 

RETURN 
END 

C 
C 
C 
C 
C 

SUBROUTINE ELMNT2CCSTRN,DSTRN,TSTRN,LDIR,SIG,NE,GSTRN,ETAN,NET 

C 

1 ,TSTRS,IFLG) 
DIMENSION TSTRN(NET),DSTRNCNET),CSTRNCNET),LDIRCNET),SIG(NET) 
DIMENSION GSTRN(NET),IFLG(NE),TSTRS(NE),ETAN(NET) 

C THIS SUBROUTINE UPDATES THE TANGENT MODULUS FOR EACH 
C CONCRETE ELEMENT ACCORDING TO THE PERSCRIBED STRESS-STRAIN 
C CHARACTERISTICS 
C 

C 
C 
C 

ST=O. 
EC=3000. 
ITEST=2 
DO 16 J=I,NE 
IF(ABS(DSTRN(J» .LE .. 000001)GO TO 16 
LDIRCJ)=ABS(DSTRNCJ»IDSTRN(J) 

SIG(J)=SIG(J)+DSTRNCJ)*ETAN(J) 
IF(SIG(J) .GE. O. )GO TO 26 
IF(TSTRN(J) .LE. GSTRN(J»GO TO 15 
IFCTSTRN(J) .LE. O. )GO TO 27 

26 I F ( LD I R C J ) . EQ . 1) GO TO 28 
IF(TSTRN(J) .LE. CSTRNCJ»GO TO 27 

28 ETAN(J)=.OOOI*EC 
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C 
C 
C 

IF(IFLG(J) .EG. l)GO TO 45 
TSTRS(J)=SIG(J) 
CSTRN(J)=TSTRN(J) 
IFLG(J)=l 
GO TO 45 

27 ETAN(J)=EC 
IFLG(J)=O 
GO TO 45 

15 GSTRN(J)=TSTRN(J) 
IFLG(J)=O 
IF(ITEST .EG. 3)GO TO 44 
SIG(J)=(3000.*TSTRN(J»/(1.-5.07*TSTRN(J)+212500.*TSTRN(J) 

1 * *2. ) 
ST=ABS(TSTRN( J» 
ETAN(J)=(3000.-637500000.*ST**2.)/(1.-(10.14*ST)+(425025.7 

1 *ST**2. )-(2154750.*STu3. )+(45156250000.*STn4.» 
GO TO 45 

44 CONTINUE 
SIG(J)=(3200.*TSTRN(J»/(1.+160000,*TSTRN(J)**2.) 
ST=ABS(TSTRN(J) ) 
ETAN(J)=(3200.-512000000.*ST**2. )/«25600000000.*ST**4.)+ 

1 (320000. *STu2. )+1.) 
45 CONTINUE 
16 CONTINUE 

RETURN 
END 
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To predict the response of the small­

scale column, the same normal stress due to 

gravity loads should be applied to the large-

scale specimen. 

p 
t ss 

a 

Equating stresses, 

where, 

f -f ls- ss 

p =p )..2 
ls SS 

p = 
ls Large-scale 

)..a 

sustained load 

f = ls Large-scale normal stress 

p 
ss = Small-sceUe sustained load 

f ss = Small-scale normal stress 

a = width of small-scale column 

).. = scale factor 



Considering only the weight of a structure, 

the gravity load should vary as the cube of the 

length scale factor as the weight is a functiqn of 

the volume. Therefore, the stress should vary as 

the scale factor (volume/area). This is shown 

graphically below. 

where, 

R =yd 3 
ss 

f = ss 

R = Is 

f = Is 

R = ss 

f ss = 

Large-scale reaction 

Large-scale stress 

Small-scale reaction 

Small-scale stress 
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d = width of the cube 

A = scale factor 

y = weight density of the 
material 


