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ABSTRACT 

The purpose of this investigation was to study the effect of load 

history on the behavior of axially reinforced concrete prisms. The six test 

specimens were divided into three pairs in wMch one specimen was tested 

under repeated tension, and the other under repeated tension and compression 

loading. 

A test apparatus was designed to enable the use of a standard hydraulic 

testing machine to apply the tension and compression loads. The strain along 

the bar and the total deformation of the specimens were continuously recorded. 

The main factors studied were the effect of the peak stress level, the 

effect of repeated cycles and die effect of repeated tension loads versus re¬ 

peated tension and compression loads. The strain, distribution, the bond 

stresses, the residual and total elongations, the crack width and the stiffness 

of the concrete prism were the main items discussed. 
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1. INTRODUCTION 

1.1 Object and Scope 

In this investigation, the influence of the load history on bond between 

reinforcing steel and concrete was studied experimentally. The approach was 

to study strains along the steel bar and deformation of the prism. The investi¬ 

gation consisted of tests on a series of prisms subjected to repeated loads in 

tension only, and repeated and reversed loads. Six specimens, divided into 

three pairs, were tested. Each pair was subjected to a different load history. 

The first pair (T20 and TC20) was subjected to relatively low stresses for a 

number of cycles, then the peak stress was increased in subsequent cycles. The 

initial peak stress on the second pair (T40, TC40) v/as twice working stress in 

order to study the effect of repeated cycles with higher peak stress. The third 

pair (TY and TCY) was subjected to initial peak stresses which were sufficient 

to yield the steel. The load history for the six test specimens is shown in Fig. 1. 1. 

1.2 Problem 

The stiffness of reinforced concrete structures decreases when they are 

subjected to repeated loads. This reduction in stiffness may be related in part 

to the deterioration of stress transfer, or bond, between the concrete and the 

reinforcement. 

Under working loads the distribution of bond may be changed considerably 

if the structure is subjected to repeated loads. This decrease in bond stresses 

can cause additional deformation of the structural element. In many structures 

limited deformation maybe the. primary design criterion. Deterioration of bond 

also leads to a progressive increase in the width of cracks, which increases the 
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hazard of corrosion of the reinforcement, thus possibly reducing the useful life 

of the structure. 

Current concrete structural design practice normally ignores the 

potentially undesirable effects of a few repeated loads of high magnitude. How¬ 

ever, repeated and reversed loads may be produced during earthquakes. Wind 

forces, machine vibrations, and repeated overloading on the structure during 

its normal life may also contribute to the deterioration of bond. 

1.3 Background 

Bond and cracking in reinforced concrete elements have been studied by 

numerous investigators. However, studies of bond and cracking under repeated 

loading have not been studied extensively. 

Evans and Williams (1) studied the behavior in bond of square twisted 

reinforcing rods. A continuous record of steel strain and slip was obtained using 

radiographic techniques. Using this technique, the conditions in the reinforce¬ 

ment were studied without disturbing the surrounding concrete and disturbing 

the adhesion between the steel and concrete. From these studies the bond rnccha- 

nisum was shown to depend on the wedging action of the ridges of the reinforce¬ 

ment against the concrete. The authors also studied the effect of sustained load¬ 

ing on bond properties of square twisted reinforcement. Under sustained load¬ 

ing, it was shown that bond is affected slightly, however, slip increased consi¬ 

derably. 

In tests carried out by Plowman (2), it was found that concrete with 

high crushing ‘strength has greater resistance to bar slippage tha 

lower strength. The paper includes a review of the various types 

n concrete of 

of tests which 
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have been used to measure the bond strength. 

Mains (3) determined bond stresses experimentally by using strain 

gages placed inside the reinforcing bar. The bar was cut longitudinally and one 

half of the bar was grooved to accommodate placing the strain gages and lead 

wires. After tack welding the two bar halves together, the bond properties of 

the bar were practically the same as the solid bar. On the basis of pullout tests 

Mains found that the maximum average bond stress for deformed bars was over 

800 psi which is more than three times that of plain bars. The highest local 

stresses were observed to occur at or near the loaded end at all stages of 

loading, while for plain bars high local stresses were observed to move from 

the loaded to the unloaded end with increasing load. Local bond stresses as high 

as 1800 psi were observed in beams reinforced with deformed bars. 

Perry and Thompson (4) present the results of a study of the distri¬ 

bution of bond stresses in beams and eccentric pullout specimens. Bond stresses 

were determined from the measured steel stresses along the reinforcing bars. 

It was shown that the point of maximum bond stress in the constant moment zone 

of a cracked beam occurred approximately 1. 5 in. from the crack and did not 

shift with increased steel stresses at the crack. There was little similarity 

between the bond stress distribution in an eccentric pullout specimen and the 

bond stress distribution adjacent to a crack in a beam. However, the magnitudes 

of maximum bond stresses for each were approximately the same. 

Tests reported by Verna and Stelson (5) were conducted to determine 

the change in beam strength with changes in the load history. The data provide 

significant additional information on the importance of mode of failure on the 
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variation in fatigue strength of concrete specimens. It was found that beams 

susceptible to bond failure are most damaged by a history of repeated loading. 

Broms (6) examined the variation in concrete stresses caused by 

cracking of the concrete. High longitudinal stresses in the direction of the bar 

were observed in a region limited by a circle inscribed between two adjacent 

primary cracks. Broms concluded that die crack spacing is usually about 1. 5 

times the maximum cover. Replacing the large bars with smaller bars and 

maintaining the same cover, it was found that the use of smaller bars does little 

to reduce the crack spacing. Thus, the bar diameter by itself can no longer be 

considered a prime variable. 

Some recent work by Bertero and Bresler (7) showed that the stress 

transfer at any given stress level is influenced by the previous stress history. 

The bond effectiveness was sensitive to the maximum stress level. It was 

shown also that the stiffness of reinforced concrete elements decreases when 

subjected to repeated loads. The results of this investigation will be examined 

in greater detail in comparison with the results of the current test program. 

From the above discussion, it is clear that extensive work concerning 

bond stresses under certain load histories has been carried out. While bond 

behavior under repeated loads has been studied, bond stresses under repeated 

and reversed loads have not been investigated. 
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2. TEST PROGRAM 

2.1 Test Specimen 

a) Design of Test Specimen 

The specimen selected for study consisted of a concrete prism axially 

reinforced with one bar which was fastened at each end to a thick plate. The 

bar and the two thick plates are shown in Fig. 2. 1. In order to instrument the 

steel reinforcement with internal strain gages, a No. 9 deformed bar was 

selected. The side dimension of the concrete cross section (6 x 6) was chosen 

to be approximately 5 times that of the steel bar. The length of the specimen 

was designed according to two considerations: First, a practical formula de¬ 

rived by Broms (6) which gives the approximate distance between two adjacent 

cracks was used. Second, to prevent the formation of secondary cracks the 

tensile stresses in the concrete between primary cracks were limited to values 

less than the tensile strength of the concrete. The dimensions of the specimens 

are show in Fig. 2. 1 and a photograph of a specimen after testing is shown in 

the same figure. 
J 

To insure that the dimensions selected were satisfactory, a pilot test 

was carried out. This pilot test indicated that the typical crack spacing would 

be satisfactory. The principal characteristics of the test specimens used in 

this investigation are shown in Table 2. 1. 

Six specimens divided into three pairs were tested. One specimen in each 

pair was subjected to repeated loads and the other was subjected to repeated and 

reversed loads. 
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b) Materials 

The concrete was a blend of Type I Portland cement and Colorado River 

sand and gravel of 3/4 in. maximum size. The concrete was designed for a 

nominal compressive strength of 3500 psi in two weeks. The compressive and 

tensile strengths of the concrete for the different specimens are shown in Table 

2.1. 

The reinforcement consisted of No. 9 deformed bar. The ultimate stress 

was 80 ksi, the modulus of elasticity and yield stress are shown in Table 2.1. 

The average yield stress was about 49 ksi. 

c) Preparation of Test Specimens 

For each instrumented reinforcing bar used in the test specimen, two 

pieces of steel were required to provide a bar that had the same dimensions as 

a solid bar. This was necessitated by the machining process which destroyed a 

portion of the bar. The surface of each bar half was machined and grooves were 

milled in each of the two parts for the installation of electrical strain gages along 

the length. The dimensions of the groove were selected to insure that the net 

cross sectional area of the bar W'as less than the cross sectional area at the 

threaded ends. The dimensions of the groove were 0. 7 inch wide and 0. 3 inch 

deep and are shown in Fig. 2. 2. The two ends of the bar were threaded to fit into 

the two end plates. A 1/4 inch hole vras drilled in one end of the bar to provide an 

opening for the lead wires. The surface of the groove was cleaned and sanded. 

Measurements of the groove dimensions were taken along the bar to compute 

exactly the net area of cross sections of the bar. Electrical resistance foil strain 

gages were placed in each of the two halves at the locations shown in Fig. 2. 2. 
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After connecting the leads to die gages, the whole installation was water 

proofed with wax. The two sections were spot welded to form an instrumented 

bar with an effectively undisturbed exterior almost identical to a standard solid 

reinforcing bar. Only spot welding was used to eliminate heat effects on the gages 

and on the steel bar. The bar was fastened to the thick plates, and die diameter of 

the bar was measured at different sections along the bar. 

Prior to casting the bar was cleaned with acetone to remove any oil ac¬ 

cumulated during fabrication. The bar was attached to the two end plates as des¬ 

cribed before. These two plates were used as part of the form in casting and 

were used in the test to transfer the load to the specimen. The specimens were 

cast in a horizontal position in a form of plastic coated plywood. To insure that 

the crack would occur at the middle of the specimens, a crack former consisting 

of a piece of oiled sheet metal protruded 3/4 inch into the concrete at the mid- 

length of the specimen. The concrete was vibrated into place using an electric 

vibrator. One batch of concrete was cast for each pair of specimens and six 

control cylinders. 

After curing in the form for six days, the specimens were removed, and 

covered with burlap and polyethelene film and kept mosit for an additional nine 

days. The age of the concrete at testing varied between 15 and 19 days as shown 

in Table 2.1. 

2. 2 Test Set-Up 

a) Instrumentation 

Strain gages were spaced at one inch intervals in the regions around the 
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cracks, i. e. at the two ends and at the mid-length, and at two inch intervals 

elsewhere. The strain gages were placed on the two halves to provide a check 

on the strain distribution across the bar. The position of the strain gages is 

shown in Fig. 2. 2. The output of the strain gages was connected to a galvano- 

metric oscillograph for continuous recording of strains. The overall elongation 

was measured using two transducers connected in series to measure the average 

deformation of the specimen. The output of the transducers, was connected to the 

galvanometer oscillograph for continuous recording of the total elongation of 

the specimen. 

b) Loading Arrangement 

The test apparatus is shown in Fig. 2.3. The plates, pins, and links 

were designed to fit in a standard hydraulic machine. The apparatus consisted 

of a load transfer assembly, connecting links, compression plates, and adjusting 

nut as indicated in Fig. 2.3. 

The method of load application can be seen in Fig. 2. 4 and 2. 5. For 

compression loads, two small plates were inserted between the bottom plate of 

the load transfer assembly and the stationary head of the hydraulic machine and 

a spherical head was placed under the specimen. The base of the machine was 

raised so the specimen would be supported on the spherical head, and the com- 
* 

pression loads were applied. For tension loads, the base was lowered and the 

specimen was supported at the top by the top head of the machine. Three pins 

allowed for rotation in two directions and thereby eliminated any eccentricity in 

the load on the specimen. Two small plates were placed on the top edge of the 
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compression plates and as the top head was raised, tension was developed in the 

bar. The load was monitored using the dial of the hydraulic test machine, and 

specified load intervals were marked on the strain recordings. The entire test 

set up is shown in a photograph in Fig. 2. 6. 

The test was run as rapidly as possible to eliminate time effects. For 

maximum loads, the time required for one cycle in tension was about 30 sec. 

For reversed loads (tension and compression) one minute was required to 

complete a cycle to maximum loads. 
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3. BEHAVIOR 

3.1 Introduction 

The discussion of the test results will be divided into two main parts; 

pre-yield behavior, and inelastic behavior. Pre-yield behavior, (up to yield 

stresses in the steel) will be discussed in terms of the strain distribution, the 

stress transfer, the resiudal and total elongations, the percentage contribution 

of concrete to stiffness, width of cracks, and the ratio of total elongation at 

working stress to the total elongation at other stress levels. 

For inelastic behavior (strains greater than yield strains) the stress 

transfer, the total and residual elongation, width of cracks, the percentage 

contribution of concrete to stiffness, and ratio of total elongation at working 

stress to total elongation at other stress levels will be discussed. 

In the discussion the effect of peak stress and the effect of repeated loads 

and repeated reversed loads will be evaluated. To facilitate the evaluation of the 

results, it is convenient to consider the strain distribution in a cracked prism 

as shown in Fig. 3. 1 where 

e - Strain in the steel bar at a free end or at a crack, 
so 

e - Strain in the steel bar at a distance x from free end. 
sx 

e - Minimum value of e , usually at or near mid length of the prism, 
sm sx 

s - Strain in .steel bar at zero stress, 
sr 

he - Reduction in strain at location x equal to (e - e ). 
sx so sx 

- Strain in steel bar at first cycle to working stress level. 

The following quantities may be determined from the strain distribution. 

hi - Stress transferred from steel to concrete. It was convenient to 
s 
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divide the bar in four parts because three cracks were formed in the prism, two 

at the ends and one at about the mid height. The difference between the maximum 

and minimum stresses were computed and the average for the four parts was 

determined. 

u - Average bond stresses between steel and concrete in the prism. 

A and e are cross sectional area and perimeter of the steel bar respectively 
s o 

and L is distance between cracks. 

Af A 
.s s 

(1) 1/2 Le 
o 

ALQ - Overall elongation of the unbonded steel bar in length L 

(2) 

AI, - Overall elongation, of the prism in length L 
s 

L 

(3) 

o 

AL£ - Reduction in overall elongation of the prism due to the contri¬ 

bution of the concrete to the overall stiffness of the composite 

prism. This reduction can be calculated as follows: 

AL c 
AL - AL = f ( 

o s LJ 
Ae dx . 

sx 
(4) 

X - The percentage contribution of concrete to stiffness. 

AL 
c 

o 
(5) 
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AR - The residual total elongation of the concrete prism 
s 

AR = _ I e dx . 
s L J sr 

(6) 

ALp - The overall elongation of the prism in length L determined 

from transducer deformations. 

AL^-The overall elongation of the prism during the first cycle in 

which working stress was reached (from deflection transducers). 

AL - The overall elongation of the prism during the first cycle at work- 
ns 

ing stresses (calculated from strains). 

AL = e„_dx 
ns J 20 

o 
(7) 

R - The ratio of the total elongation at working stress to the total 

elongation at other stress levels. 

AL 

R = AT e AL 
ns 

AL 
nD 

AL. • (8) 
D 

The crack width was computed and compared to an established formula 

given by Gergely and Lutz (8), this formula is 

w
s = °-091 nr7Tir(fs •5) x 10"3inch • . (9) 

where 

t = Cover measured from center of the bar, in. 
s 

A = Effective concrete area around the reinforcing bar. 

f_ = Steel stress, ksi. 
3 

hx 
r- (l-k)d. 

k = Distance from neutral axis to compression face divided by 
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effective depth of beam, 

d = Effective depth of beam, in. 

3. 2 Pre-Yield Behavior 

a) Strain Distributions 

Strain distributions for the four test specimens are plotted in Fig. 3. 2 

through 3. 5. The strains recorded during the test and presented here are the 

total strains referred to a nominal zero value -which corresponds to the initial 

condition just prior to the first loading of the prism. The influence of the 

stresses due to shrinkage or thermal effects and their subsequent release were 

neglected. 

1) Specimens T20 and TC20 

a) Behavior at 10 ksi: The first crack in specimen T20 occured when 

the stress in the steel reached 9. 5 ksi during the first load cycle. The first 

crack appeared during the second load cycle on TC20 at 10 ksi, as evidenced by 

the change in strain distribution for cycle 1 and 2. 

Five cycles with peak stress values of 10 ksi were carried out and the 

distributions of the total strains at 10 ksi are shown in Fig. 3. 2 and 3. 3 for the 

first and sixth cycles (The sixth cycle is shown because it represents the effect 

of the fifth cycle). There was no change in the strain distribution for both speci¬ 

mens after the initial five cycles. In cycles 6 through 10, a peak stress of 20 ksi 

was reached. By examining the strain distributions of cycles 7 and 10 for TC20, 

(for T20 the strains at 10 ksi were not recorded for cycles 6 through 10), it 

can be seen that the change in the strain distribution was due almost entirely to 
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cycle 6 which was the first cycle to 20 ksi. After cycle 6 repetition of cycles 

produced very slight changes as shown by the strain distribution-in cycle 10. 

Two cycles (11-12) were carried out with an increase in peak stress to 

40 ksi. Cycle 11 caused a significant change in the strain distribution at 10 ksi. 

Subsequently fourteen cycles were applied with different peak stresses. By 

examining the strain distribution for cycle 27, it is clear that there is only a 

slight change in the strain distribution due to the last fourteen cycles. 

The only difference between specimens T20 and TC20 was a flatter 

strain distribution for T20 than for TC20. This difference in strain distributions 

will be discussed later in connection with the bond properties of the specimens. 

b) Behavior at 20 ksi: The strain distribution at 20 ksi for cycles 6, 7 

and 10 are shown in Fig. 3. 2 and 3.3. The change in the strain distribution was 

slight since the peak stress in these cycles was not greater than 20 ksi. In 

cycles 11 and 12 the peak stress reached 40 ksi. By examining cycle 12 which 

shows the effect of cycle 11, it is clear that a great change in the strain distri¬ 

bution at 20 ksi occurred. Cycles 13 through 27 were carried out with different 

peak stresses as shown by the diagram of the load history. During these 1.4 

cycles the strain, distribution at 20 ksi did not change as is shown by the strain 

distribution in cycle 27. The only difference between T20 and TC20 was that the 

strain distributions for specimen T20 were flatter than for TC20. 

c) Behavior at 40 ksi: At the 40 ksi level, the load history up to cycle 

27, produced slight changes in the shape of the strain distribution. It should be 

remembered that the peak stresses were not higher than 40 ksi during these 
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cycles. 

2) Specimens T40 and TC40 

The initial five cycles were carried out with a peak stress of 40 ksi. 

In cycles 6 through 10 a peak stress of 20 ksi, was reached, the strain distri¬ 

bution for cycles 1, 2, 5 and 11 are shown in Fig. 3. 4 and 3. 5. 

The major change occurred between cycle 1 and 2 for both the 10 and 

20 ksi levels. It should be pointed out that the stress distributions shown for 

cycle one are those for which the stress has reached the given level for the 

first time. After the first cycle there was very little change in the strain distri¬ 

bution. For the 40 ksi level, the strain distribution remained the same through¬ 

out the first 11 cycles, the peak stresses were not higher than 40 ksi during 

these cycles. As was noted in the results of specimens T20 and TC20, the 

stress distributions for T40 was flatter than for TC40. 

b) Residual Strains 

The residual strains are plotted in Fig. 3. 6 for the selected cycles 

discussed previously. The top curves are for the specimens under repeated 

tension only (T20 and T40). The bottom curves are for specimens under re¬ 

peated tension and compression (TC20 and TC40). The middle curves show the 

strain distribution for specimens TC20 and TC40 at the end of the tension portion 

of a giver, cycle, i. e. just before going into the compression portion of the cycle. 

For these specimens, the trend in accumulation of residual strains was the same. 

The residua] strains are higher for the specimens under tension only than are 

those for specimens under tension and compression, Examining the middle 
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curves, it can be seen that the compression cycle has the effect of reducing the 

residual strains along the bar and subsequently the total elongation will be less. 

The magnitude of the residual elongations for some selected cycles are shown in 

Table 3.1. 

c) Average bond stresses 

The bond stresses at selected cycles for different stress levels 

are shown in Table 3. 2 and 3. 3. The methods used to obtain these values were 

discussed in Sec. 3. 1 (Eq. 1). The average bond stresses for specimens T20 

and TC20 follow nearly the same trend exhibited by the strain distribution in 

that they are affected mainly by the previous peak stress and slightly by the 

number of repeated cycles. By studying the results at the 10 ksi level for TC20, 

the magnitude of bond stress for cycle 1 through 6 remained nearly constant. 

Once the peak stress was increased to 20 ksi in the sixth cycle the bond stress 

at the 10 ksi level increased from 0. 21 to 0. 24 ksi for TC20 and then was constant 

up to cycle 11. When the peak stress increased to 40 ksi the bond stress at 10 ksi 

dropped from 0. 24 to 0. 14 ksi and remained at this level up to cycle 27. The 

same trend was shown at the 20 ksi level and also at 40 ksi. For 20 ksi, the 

first ten cycles had no effect on the bond stresses since the peak stresses did 

not exceed 20 ksi during these ten cycles. When the peak stress reached 40 ksi, 

the bond stress decreased from 0.41 to 0. 26 ksi for TC20, and from 0.38 to 0.19 

for T20. The following cycles had little effect on the bond stresses. At the 40 ksi 

level, the load history had little effect on the bond stresses. 

At the 10 ksi level in specimen T40, the bond stress reduced from 

0. 17 in the first cycle to 0. 11 in the second cycle. For TC40 the bond stresses 
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reduced from 0.17 to 0,16. At the 20 ksi level the bond stresses for T20 de¬ 

creased from 0. 38 to 0. 22 and for TC20 decreased from 0. 44 to 0. 36. Only a 

slight change in the bond stresses occurred during subsequent cycles. At the 

40 ksi level there was little change in the bond stresses as the cycles were 

carried out for both specimens. 

The bond stresses were higher for specimens TC20 and TC40 than 

for specimens T20 and T40. This is an indication that repeated and reversed 

loads have less effect on the deterioration of bond than do loads repeated in 

tension only. 

d) Crack Widths 

The widths of the cracks were computed from the transducers 

readings, by assuming that the concrete did not elongate and the total elongation 

of the prism was equal to the width of the cracks. The width of the crack at the 

middle was assumed to be double the width of the crack between the concrete 

and the end plates. 

In Table 3.4, the values of the width of cracks computed in this 

manner are compared with the values obtained from a formula developed by 

Gergely and Lutz (8). Comparison of measured and computed crack widths indi¬ 

cate that as long as the peak stress did not reach yield the computed and 

measured values compare favorably. However, the measured crack widths in¬ 

crease under repeated loads. 

e) Stiffness 

The stiffness of the reinforced concrete prism will be discussed 
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as follows: 

1) The percentage contribution of concrete to stiffness (X ). 
s 

2) Ratio of total elongation at working stress (20 ksi), to the total 

elongation at other stress levels (R^). 

The method of computing these quantities are given by equations 5 and 8 Sec. 3.1. 

1) The percentage contribution of concrete to stiffness (1 ) 
s 

The percentage contribution of concrete to stiffness is affected consi¬ 

derably more by the application of repeated loads only, (specimens T20 and T40), 

than it is by the application of repeated and reversed loads (TC20 and TC40), as 

can be seen by comparing the values of X in Table 3. 2 and 3.3. In addition, the 

values of Xg show that, as the peak stress is increased, the concrete contributes 

less to the stiffness at lower stress levels. While there are considerable re¬ 

ductions in the values of X , the changes in the deformations are not comparably 
s 

as large. 

The total and residual elongations are shown for the specimens in 

Table 3. 2 and 3.3. The total elongations were about the same for eacli pair of 

specimens, but the residual elongations were higher for specimens under re¬ 

peated loads than under repeated and reversed loads. 

2) Ratio of total elongation at working stress to the total elongation at. 

other stress levels (R ).  e 

The stiffness ratio (R ) of the reinforced prism was calculated by two 

methods as described briefly in the introduction. Using the first method, the total 

elongation recorded by the transducers is compared to the value of the total e- 
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longation of the prism when the working stress was reached for the first time. 

The second method is based on elongations obtained from strain distributions. 

The stiffness curves are shown in Fig. 3. 7 through 3. 9. The solid curves re¬ 

present caluclated from transducers readings and the broken lines represent 

calculated from the strain distributions along the bar. The general trend for 

the reduction R , was the same as for the change in the strain distributions. It e 

can be seen that the primary factor is the maximum previous peak stress. The 

effect of repeated cycles is secondary. The peak stress has a larger effect on 

the lower stress levels than on higher stress levels. For stress levels which 

equal the peak stress, the number of cycles has very little effect on (Re). 

In specimens T20 and TC20, at the 10 ksi level, the first five cycles 

(peak stress, 10 ksi,) produced some change in R^ in specimen TC20. This was 

probably due to die formation of a crack. The peak stress was increased in the 

following five cycles (5-10) and as a result Rg decreased in cycle 6 and stayed 

constant during the remaining cycles. The peak stress was further increased to 

40 ksi in cycles (11 and 12), and there was further reduction in R . Cycle 12 had 

no effect even though a relatively high peak stress was maintained. Fourteen 

additional cycles were carried out (13-27), but the stiffness remained constant. 

By examining the behavior at 20 ksi, the first 10 cycles had no effect on Re» 

after cycle 11 there was a sharp reduction in stiffness. The subsequent cycles 

(12-27) had no effect on R . At 40 ksi level, the load history up to cycle 27 did 

not change R . 

For specimens T40 and TC40, at both the 10 and 20 ksi levels, cycle 
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one caused the major decrease in R^, the four subsequent cycles had little 

effect on Rg even though the cycles were carried out with relatively high peak 

stress. At 40 ksi level, the load history up to cycle 11 had no effect on R^. 

3.3 Post-Yield Behavior 

a) Bond Stresses 

The bond stresses at all stress levels decreased with repeated cycles of 

load into the yield range of the reinforcement. The bond stresses are shown in 

Table 3. 5. Although the bond stresses in the first cycle to yield were higher 

for specimens under tension and compression loads than for specimens under 

tension, the repeated yield cycles changes this behavior. By carrying out one 

cycle to yield, it was noticed that the bond stresses for tension and compression 

specimens become less than for tension specimens. If we examine cycle 2 for 

TY and TCY (cycle 2 shows the effect of cycle 1), it is clear that after one cycle 

to yield, the deterioration of bond is higher in specimen TCY. This cycle was 

examined because it eliminates any effect of the previous load history and clearly 

showed that the deterioration of bond stresses at the post-yield level have a 

different failure mechanism than for pre-yield level. 

b) Stiffness 

The stiffness is discussed in terms of the ratio of the total elongation at 

working stress to the total elongation at any stress level (Re)> computed on the 

basis of measured deflections. As can be seen, in Figs. 3. 7-3,10 each cycle 

produces a considerable reduction in R . The rate of decrease in R is less with r e e 

increased number of cycles. It should be mentioned that the load was released 
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as soon as any gage indicated yield strains. In tins way, the permanent strain 

accumulation in the steel was held to a minimum. For specimen TY and TCY 

the magnitude of Rg was about the same. For the other specimens, T20, TC20, 

T40 and TC40, most of the reduction occurred during the first cycle to yield. 

This is probably due to the previous load history on the specimens. 

The residual and total elongations are shown in Table 3. 5. The total 

elongations were about the same for each pair of specimens, but the residual 

strains were larger for the specimens under tension cycles than under tension 

and compression cycles. The crack widths are listed in Table 3.4. 

3.4 Comparison of the Test Results with University of California Tests. 

In the tests by Bresler and Bertero at the University of California (7) an 

experimental investigation of strains, stresses, and crack widths in an axially 

reinforced concrete prism subjected to repeated tensile loads was conducted. 

Specimens H, E, F, and G of that investigation are compared to specimens 

T20 and T40. A comparison of bond stresses and percentage contribution of the 

concrete to the stiffness is shown in Table 3. 6 and 3. 7. The cycles selected for 

these comparisons are also shown in the tables. These cycles were selected so 

that the previous load history of the specimen being compared is nearly identical. 

For example, prior to cycle 10 for specimen H, the previous load history con¬ 

sisted of two cycles to 35. 25 ksi and a few' cycles to 23. 5 ksi. This can be com¬ 

pared v/ith cycle 17 of T20 in which the previous load history was two cycles to 

40 ksi and a few cycles to 20 ksi. It should be remembered that maximum peak 

stress not the number of repeated cycles is the major factor in determining be- 



22 

havior. 

Another example is cycle 9 of specimen E, in which the previous load 

history was 4 cycles with a peak stress of 11.9 ksi and five cycles to 21. 4 ksi. 

Cycle 9 was compared with cycle 11 of specimen T20 in which the previous load 

history was 5 cycles to 10 ksi and 5 cycles to 20 ksi. 

Considering cycle 14 for specimen F, the previous load history was one 

cycle to 9. 4 ksi, a few cycles to 23. 5 ksi, and 5 cycles to 37. 6 ksi. This cycle 

was compared to cycle 11 for T40, in which 5 cycles to 40 ksi and 5 cycles to 

20 ksi were carried out. 

Examination of the test results in these two comparisons shows that values 

of bond stresses were nearly identical in both investigations. The effect of peak 

stresses and repetition of loading on the percentage contribution of the concrete 

to the stiffness was the same in both test programs. While a comparison of the 

values of X may show some differences, the trends exhibited were the same in 

both cases. 
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4. MECHANISM OF BOND STRESSES 

The mechanics of bond and slip in deformed bars in concrete is dis¬ 

cussed in a research report by Lutz and Gergely (9), and the results of this 

investigation will be discussed within the framework of behavior proposed in 

that report. Bond is generally considered to be the shearing stress or force 

between a bar and the surrounding concrete. This bond force is made up of 

three components: 

a) Chemical adhesion 

b) Friction 

c) Mechanical interaction between concrete and steel 

In deformed bars, the bond force is dependent primarily on the mechanical inter¬ 

action between the concrete and the steel. Friction and chemical adhesion are 

not necessarily negligible in the case of deformed bars, but they are of second¬ 

ary importan'ce. Therefore, the bond force in deformed bars is developed primarily 

by the bearing pressure of the bar ribs against the concrete. 

During the first application of tensile load a deformed bar attempts to 

move or slip in relation to the surrounding concrete. Chemical adhesion, friction 

and mechanical interaction prevents slip during this first loading. When the ad¬ 

hesive forces are destroyed and the bar begins to slip, this movement is re¬ 

strained by the action of the ribs bearing against the concrete and by friction. As 

the peak tensile stresses increase, the concrete and the bar become separated 

and the friction forces are reduced. 

With repeated load cycles in tension, (peak stress less than the yield), 

the separation between the bar and the concrete increases, consequently de- 
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creasing the bond stresses (Table 3. 2 and 3.3). In the case of repeated tension 

and compression cycles, the compressive loads tend to improve bond properties 

in the subsequent tensile cycles as was shown on the test results (Tables 3. 2 and 

3.3). This improvement is probably the result of two factors. First, the 

compressive stresses tend to reduce the separation between the concrete and 

the steel and improve the friction resistance. Second, there is some slippage 

of the bar in the opposite direction during the application of compressive loads. 

As a result friction, and bearing pressure constitute the bond forces and the bond 

stresses for specimens under repeated tension and compression cycles are higher 

than those under tension load cycles only. 

In case of repeated cycles with peak stresses at yield, slip occurs by 

progressive crushing of the porous concrete paste structure in front of the rib. 

The crushed concrete eventually forms a wedge in front of the rib and produces 

significant transverse stresses in the concrete. These transverse forces increase 

the separation between the steel and concrete and may cause cracking along the 

axis of the bar. This action practically eliminates the contribution of friction to 

the bond properties of the bar and at this point the application of compressive 

forces no longer improves bond properties. In fact, the repetition of tensile and 

compressive loads produces a greater deterioration of bond than does the re¬ 

petition of tensile loads only. The crushed concrete wedge in front of the rib, 

is loosened by applying the compressive forces. More deterioration of bond 

occurs for these specimens than for the specimens subjected to tension loads 

only (See Table 3. 5). 
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5. SUMMARY AND CONCLUSIONS 

The purpose of this investigation was to study the effect of load history 

on the behavior of axially reinforced concrete prisms. The six test specimens 

were divided into three pairs in which one specimen was tested under repeated 

tension, and the other under repeated tension and compression loading. 

A test apparatus was designed to enable the use of a standard hydraulic 

testing machine to apply the tension and compression loads. The strains along 

the bar and the total deformation of the specimens were continuously recorded 

as described in Chapter 2. 

The main factors studied were the effect of the peak stress level, the 

effect of repeated cycles and the effect of repeated tension loads versus repeated 

tension and compression loads. The strain distribution, the bond stresses, the 

residual and total elongations, the crack width and the stiffness of the concrete 

prism were the main items discussed in Chapter 3. 

The conclusions drawn from the results of the tests are as follows: 

a) Pre-Yield Behavior 

(1) The magnitude of the peak stress is the major factor affecting 

the bond stresses, stiffness, elongation and crack widths. The first cycle of a 

load history with a peak stress higher than the previous peak stress caused 

considerable change in the behavior at lower stress levels. This change is rela¬ 

tively large at stress levels which are considerably less than the peak stress. 

For stress levels close to the peak stress the changes are less significant. 

(2) The repetition of cycles has lesser effect on the bond stresses, 
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stiffness, elongation and crack widths than does the peak stress level. Load 

repetitions have a slight effect on the behavior of the specimens at stresses 

equal to the peak stress of the repeated cycles. 

(3) Repeated and reversed cycles do not produce as great a 

deterioration of bond as is produced under repeated cycles only. The stiffness, 

width of cracks, and total elongation of the reinforced concrete prisms have 

nearly the same magnitudes for every pair of specimens within the range of 

compressive stresses applied (less than . 55 fj. The residual elongations are 

higher under repeated tension cycles than under repeated and reversed load 

cycles. 

b) Post - Yield Behavior 

(1) The number of cycles becomes more important in post¬ 

yield behavior since the bar is yielding in each cycle and accumulated de¬ 

formations are greater than when the stresses are less than yield. Under re¬ 

peated cycles continuous deterioration in bond stresses and a decrease in 

stiffness occurred. 

(2) Repeated and reversed load cycles into the yield range tend 

to reduce bond stresses more than repeated tension only. This is the opposite 

of pre-yield behavior and is probably due to the destruction of the concrete 

interface under two directional deformation. A mechanism of bond failure was 

discussed in Chapter 4 to correlate and explain observed behavior in the pre¬ 

yield and post-yield stress ranges. 
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TABLE 2.1 

PRINCIPAL CHARACTERISTICS OF SPECIMENS 

Specimens T20 TC20 T40 TC40 TY TCY 

SizeW 
Length inch 16 16 16.16 16.06 16.08 16.18 

Cross Section " 6x6 6x6 6x6 6x6 6x6 6x6 

Age at test 
days 18 19 15 16 16 15 

Concrete^ 
fc' ksi 4.750 4.750 3.25 3.25 3.4 3.4 

ft' ksi .230 .230  27 . . .27 . . ..32 ..45 

Steel 
Bar size No. 9 No. 9 No. 9 No. 9 No. 9 No. 9 

Diameter in. J 1.13 1.13 1.121 1.16 1.093 1.138 

A inch^ ^ 
s 0.583 0.584 0.558 0.58 0.505 0.594 

E x 10^ ksi^ 
s 28.4 28.4 28.7 28.7 28.7 28.7 

fy ksi^J 49 49 48 48 48 48 

[1] Outside nominal dimensions of concrete prism 

[2] Average properties obtained from 6 standard 6 x 12 inch control cylinders 

[3] Average properties based on measurements 

[4] Average properties from standard tensile specimens 
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TABLE 3.1 

RESIDUAL DEFORMATION AT SELECTED CYCLES 

Residual Deformation Specimens T20 and TC20 

Residual Deformation Specimens T40 and TC40 

* Residual Deformation after tension portion of cycle (before compression applied). 
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TABLE 3.2 

SPECIMEN T20 AND TC20 - STRESS TRANSFER, ELONGATION 
RESIDUAL AND STIFFNESS AT SELECTED STRESS LEVELS BEFORE YIELDING 

Specimen 

Cycle 
No. 

Stress 
Level 
ksi . 

Af 
s 

ksi 

Average 
Bond 
Stresses 
ksi 

AL 
0 

in. x 10"3 

AL 
s 

in. x 10 3 

AR 
s 

in. x 10 3 

X 
s 

• % 

T20 1* 10 5.90 .24 5.60 3.50 0 37.50 
6 10 5.72 .24 5.60 3.72 .84 33.50 

20 10.0 .41 11.20 8.35 .84 26.0 

7 20 10.0 .42 11.20 8.60 1.20 23.5 

11 20 9.20 .38 11.20 9.08 1.40 19.0 
40 8.50 .35 22.40 20.50 1.40 8.50 

12 20 4.55 .19 11.20 10.70 2.50 4.50 
40 8.60 .35 22.40 20.50 2.50 8.50 

17 20 4.55 .19 11.20 11.50 2.70 0 

27 10 3.42 .14 5.60 6.75 2.70 0 
20 4.25 .18 11.20 11.50 2.70 0 

TC20 1 10 4.60 .19 5.60 2.0 0 64.0 
6 10 4.95 .23 5.60 3.50 .32 37.50 

20 10.0 .41 11.20 8.18 .32 27.0 

7 10 5.90 .24 5.60 4.55 .77 19.0 
20 10.0 .41 11.20 8.15 .77 27.0 

11 10 5.70 .24 5.60 4.65 .77 17.0 
20 10.0 .41 11.20 8.20 .77 27.0 
40 11.70 .48 22.40 20.30 .77 9.30 

12 10 3.35 .14 5.60 5.90 1.10 0 
20 6.32 .26 11.20 10.20 1.10 9.0 
40 10.80 .45 22.40 20.60 1.10 8.10 

37 30 3.35 .14 5.60 6.25 .99 0 
20 5.60 .23 11.20 11.10 .99 0.10 

27 10 3.35 .14 5.60 6.55 1.26 0 
20 5.80 .24 11.20 11.40 1.26 0 
40 10.00 .43 22.40 21.40 1.26 4.40 

Specimen Cracked 



31 

TABLE 3.3 

SPECIMEN T40 AND TC40 - STRESS TRANSFER, ELONGATION 
RESIDUAL AND STIFFNESS AT SELECTED STRESS LEVELS BEFORE YIELDING 

Specimen 

Cycle 
No. 

Stress 
Level 
ksi 

Af Average 
s Bond 

ksi Stresses 
ksi 

ALo 

in. x 10 " 

AL 
s 

> • -m-3 
m. x 10 

AR 
s 

in. x 10 

X 
s 
% 

•3 

T40 1 10 4.6 .17 5.80 2.50 0 57.0 
20 9.9 .38 11.60 7.95 0 31.0 
40 11.5 .45 23.20 19.40 .0 17.0 

2 10 2.8 .11 5.80 6.0 1.83 0 
20 5.6 .22 11.60 10.70 1 .‘83 7.80 
40 11.4 .45 23.20 19.80 1.83 15.0 

5 10 2.45 .10 5.80 6.30 1.85 0 
20 5.4 .21 11.60 11.10 1.85 4.50 
40 11.3 .44 23.20 20.30 1.85 12.50 

11 10 2.45 .10 5.80 6.35 1.85 0 
20 5.4 .21 11.60 11.10 1.85 4.50 
40 11.3 .44 23.20 20.50 1.85 12.0 

TC40 1 10 4.3 .17 5.60 2.40 0 57.0 
20 11.0 .44 11.20 6.90 0 37.50 
40 16.0 .64 22.40 17.60 0 21.50 

2 10 3.9 .16 5.60 5.15 .64 8.0 
20 9.0 .36 11.20 9.0 .64 19.60 
40 15.6 .62 22.40 18.0 .64 20.0 

5 10 3.75 .15 5.60 5.40 .78 3.50 
20 9.05 .36 11.20 9.40 .78 16.0 
40 15.85 .64 22.40 17.80 .78 20.50 

11 10 3.85 .15 5.60 6.05 .96 0 
20 9.1 .36 11.20 9.60 .96 14.0 
40 15.9 .64 22.40 17.80 .96 20.50 
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CRACK WIDTH AT SELECTED STRESS LEVLES 

Stress Computed 
Specimen Level 

ksi 
. W -3 
m.xlO 

W (From Transducers) 

inch x 10 3 

Cycle 1 6 n 
/ ’ll 12 17 27 28 30 

T20 10 2.0 2.30 2.40 - - - - 4.25 - - 
20 6.40 - 5.0 5.20 5.30 6.80 6.80 6.90 - - 
40 15.0 - - 11.0 11. 0 - - - - 

Y . 20.0 “ — *" - — 17.0 18.0 18.0 

TC20 10 2.0 1.50 2.40 3.30 3.35 4.20 4.40 4.20 5.60 7.20 
20 6.40 - 5.20 5.20 5.9 6.80 6.80 7.75 9.20 10.80 
40 15.0 - - - 12.2 12.50 - 12.6 18.0 18.0 
Y 20.0 - ” ~ 20.0 20.0 22.30 

Cycle i 2 3 5 8 11 12 14 

T40 10 2.0 2.0 . 4.10 4.10 4.10 4.30 4.3 9.90 16.2 
20 6.40 5.40 6.80 7.0 7.10 7.25 7.25 12.50 20.3 
40 15.0 12.0 12.30 12.90 12.90 - 12.8 19.0 27.0 
Y 20.0 “ 20.8 29.30 50.6 

TC40 10 2.0 1.70 3.50 3.80 3.90 3.90 4.20 11.0 15.5 
20 6.40 5.10 6.60 6.80 7.0 7.10 7.00 14.50 18.0 
40 15.0 12.50 12.80 12.80 12.80 - 12.90 22.0 30.0 
Y 20.0 “ ~ ■ “ 20.0 40.0 57.0 

Cycle 1 2 3 4 5 

TY 10 2.0 1.80 5.60 6.50 7.20 9.80 
20 6.40 5.50 9.00 10.0 10.90 13.30 
40 15.0 12.80 15.60 16.40 17.0 20.0 
Y 20.0 17.30 18.80 19.0 20.0 24.0 

TCY 10 2.0 1.80 5.00 6.50 7.60 8.60 
20 6.40 5.0 7.80 10. C 11.0 11.80 
40 15.0 12.20 14.8 17.0 18.40 19.50 
Y 20.0 17.80 19.5 21.0 23.0 26.0 

# 



33 

TABLE 3.5 

STRESS TRANSFER, ELONGATION AND RESIDUALS AFTER YIELDING 

Nominal Stress 0 ksi 10 ksi 20 ksi 40 ksi Yield 

Cycle ALn Af u ALn Af u ALn Af U ALn Af u ALn 
0 . Ds Ds D s D s D 
Specimen No. __ 

in.xlO ^ ksi ksi in.xlO ksi ksi 10 ksi ksi in.xlO ksi ksi in.xlO 

TY 1 0 5.30 .20 3.60 14.0 .50 11.0 18.0 .66 25.0 22.40 .82 34.60 
2 6.90 6.0 .22 11.20 11.2 .40 18.0 18.0 .66 31.20 22.40 .82 37.60 
5 8.0 6.0 .22 19.60 9.0 .32 26.60 17.0 .63 40.20 19.50 .70 48.00 

TCY 1 0 4.30 .18 3.60 8.0 . 33* ;10.00 18.8 .77 24.40 22.0 .86 35.60 
2 4.15 5.15 .20 10.00 8.60 .34 15.60 16.0 .65 29.60 20.0 .79 39.0 
5 7.50 4.90 .19 17.20 8.0 .32 23.60 15.0 .62 39.0 20.0 .79 52.00 

T20 27 3.14 3.42 .14 9.2 4.25 .18 13.80 - - - 9.80 .39 34.0 
28 
30 

9.10 
10.40 

Values ; Not Recorded 
- - - - 

8.0 .33 
6.50 .26 

36.0 
36.0 

TC20 27 2.60 3.35 .14 8.10 5.80 .24 15.50 10.0 .43 25.20 9.0 .37 40.0 
28 4.80 2.0 .08 11.20 3.0 .12 18.40 6.0 .24 36.0 8.0 .33 40.0 
30 8.80 1.20 .05 14.40 3.0 .12 21.60 6.0 .24 36.0 7.0 .28 44.60 

T40 11 2.52 2.40 .10 8.60 5.40 .21 14.50 11.30 .44 25.60 15.0 .59 41.60 
12 13.70 2.40 .10 19.80 5.60 .22 25.0 11.50 .45 38.0 15.0 .59 58.60 
14 19.90 2.40 .10 32.40 5.60 .22 40.60 8.0 .31 54.0 11.70 .47 101.20 

TC40 11 2.90 3.85 .15 8.40 9.10 .36 14.0 15.90 .64 25.80 19.0 .75 40.0 
12 6.65 1.25 .05 22.0 3.70 .15 29.0 8.50 .34 44.0 17.50 .70 80.0 
14 10.40 0.90 .04 31.0 3.20 .13 36.0 5.50 .22 60.0 14.50 .58 114.0 

* 
Uncracked 
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TABLE 3.6 

COMPARISON OF TEST RESULTS WITH UNIVERSITY OF 
CALIFORNIA TESTS H AND E 

H T20 T40 

Cycle 
Stress 
Level 
ksi 

Bond 
Stress 
ksi 

X Cycle 
Stress 
Level 
ksi 

Bond 
Stress 
ksi 

X 
s 
% 

Cycle 
Stress 
Level 
ksi 

Bond 
Stress 
ksi 

X 
s! 

1 11.8 0.28 - 1 10 0.24 37.5 

4 23.5 0.26 7.5 12 20 0.19 4.5 2 • 20 0.22 7.8 

10 14.1 0.15 8.0 17 20 0.19 0 

20 14.1 0.11 6.0 27 10 0.14 0 5 10 0.10 0 

23.5 0.22 5.5 20 0.18 0 20 0.21 4.5 

32.9 0.35 7.0 40 0.44 12.5 

E T20 T40 

Cycle 
Stress 
Level 
ksi 

Bond 
Stress 
ksi 

X 
S% 

Cycle 
Stress 
Level 
ksi 

Bond 
Stress 
ksi 

X 
S% 

Stress . Bond 
Cycle Level Stress X 

ksi ksi s! 

1 9.5 0.23 45. 1 10 0.24 37.5 

2 9.5 0.26 22. 0 2 10 0.24 36.0 

5 9.5 0.24 22.0 6 10 0:24 .33.5 

21.4 0.41 16.5 20 0.41 26. 0 

9 21.4 0.34 13.5 11 20 0.38 19.0 
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TABLE 3.7 

COMPARISON OF TEST RESULTS WITH UNIVERSITY OF CALIFORNIA 
TESTS F AND G 

F T20 T40 

Cycle 
Stress 
Level 
ksi 

Bond 
Stress 
ksi 

X 
s 

Cycle 
Stress 
Level 
ksi 

Bond 
Stress 
ksi 

X 
s% 

Cycle 
Stress 
Level 
ksi 

Bond 
Stress 
ksi 

X 
s 
% 

1 9.4 0.32 31.5 1 10 0.24 37.5 

2 9.4 0.31 30.0 6 10 0.24 33.5 
i 

23.5 0.45 16.5 20 0.41 26.0 * / 

4 23.5 0.18 5. 0 12 20' 0.19 4.5- 2 20 0-22 7.8 

10 9.4 0.02 1.0 17 - - - 5 10 0.10 0 

23.5 0.17 5.0 20 0.19 0 20 0.21 4.5 

35.2 0.33' 6.5 - - - 40 0.44 12.5 

14 9.4 0.02 0.5 11 10 0.10 0 

23.5 0.16 4.5 20 0.21 4.5 

35.2 0.28 6.0 40 0.44 12.0 

G T20 T40 

Cycle 
Stress 
Level 
ksi 

Bond 
Stress 
ksi 

X 
S% 

Cycle 
Stress 
Level 
ksi 

Bond 
Stress 
ksi 

X 
S% 

Cycle 
Stress 
Level 
ksi 

Bond 
Stress 
ksi 

X 
s% 

1 11.9 0.21 34.5 1 10 0.24 37.5 

2 11.9 0.21 32.5 2 10 0.24 36.0 

16 14.5 0.08 6.5 12 10 - - 5 10 0.10 0 

23.8 0.17 8.0 20 0.19 4.5 20 0.21 4.5 

33.3 0.25 11. 0 40 0.35 8.5 40 0.44 12.5 
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FIG. 2.3 TESTING APPARATUS IN HYDRUALIC TEST MACHINE 



41. 

F
IG

. 
2.
 5
 

M
E

T
H

O
D
 O

F
 L

O
A

D
IN

G
S 



FIG. 2. 6 TEST SET UP 
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FIG. 3.2. MEASURED STRAIN mUBUTIO T20 
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FIG. 3.3 -MEASURED STRAIN DISTRIBUTIONS, TC20 
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FIG. 3.4 .MEASURED STRAIN DISTRIBUTIONS, T40 
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FIG. 5.5 MEASURED STRAIN DISTRIBUTION, TC40. 
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FIG. 3.6 MEASURED RESIDUAL STRAINS 
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