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ABSTRACT 

Effect of shear span on the magnitude of additional 

strain due to externally applied loads (Ac ) in unbonded 
s 

post-tensioned concrete beams is investigated in this 

study. 

Full-scale test results are reported for specimens 

with eight different shear spans. It is concluded that 

length of the shear span does influence the magnitude of 

AGs* 

The values of Ac obtained from this experiment are 
s 

compared with those obtained from the most widely used 

expressions. Some modification factors which include the 

effect of shear span on magnitude of Ae are proposed. 
S 

xii 



CHAPTER 1 

INTRODUCTION 

1.1. General 

Tensile strength of concrete is much lower than its 

compressive strength. This results in preventing its usage 

in those structural members which require high tensile 

strength. During the second half of the nineteenth 

century, this problem was overcome by using steel bars in 

those places which would be subjected to tensile stress 

during their life time Such a combination of steel and 

concrete is known as reinforced concrete. 

In most reinforced concrete members subjected to 

flexure, tension cracks are formed at loads significantly 

smaller than the ultimate capacity of the section. This 

cracking of the member reduces the stiffness of the section 

considerably and may result in early deterioration and 

rusting of the reinforcing steel due to the penetration of 

water through these cracks. In order to delay the cracking 

of concrete, compressive stresses can be introduced 

initially to the parts of the cross section which would 

experience tensile stresses under service loads* This com­

pressive stress will counteract some or all of the tensile 

stresses that will be introduced to the member during its 

1 



2 

lifetime. This imposition of stress to the member is 

called a prestressing and the specimen which is subjected 

to the prestressing is called prestressed concrete member. 

Prestressing of concrete members is usually done by 

means of high-strength steel tendons which were first used 

for prestressing by the Spaniard Eduard Torroja, in the 

(2) 
members of the Tempul Aqueduct in 1925v . These high-

strength steel tendons are stressed and then anchored. The 

prestressing process can be carried out in two ways: pre-

tensioning and post-tensioning. The primary difference 

between the two methods is the condition of the concrete at 

the time of application of the prestressing force. In the 

pre-tensioned members, the tendons are stressed before the 

casting of concrete, but in the post-tensioned members the 

tendons are stressed after the concrete has hardened and 

has obtained enough strength to support the stress. 

Prestressing tendons can be either "bonded" or 

"unbonded." Bonded tendons are tendons which are bonded to 

the concrete throughout their entire length. Almost all of 

the pre-tensioned tendons and some of the post-tensioned 

tendons which are placed in ducts and grouted are 

considered "bonded." Unbonded tendons are those whose bond 

to the concrete throughout the entire length is prevented 

by wrapping the tendon in waterproof paper and greasing it 

or placing the tendon inside a flexible duct. All of the 
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specimens which were tested for the purpose of this inves­

tigation were unbonded post-tensioned beams. 

1.2. Flexural Behavior of Unbonded 
Post-tensioned Members 

If the prestressing steel is bonded to the 

concrete, then the change in strain in the tendon at any 

point along the length of the span is equal to the change 

in the strain of concrete at that particular point. This 

means that the strain compatibility equations can be used 

for analysis of the section subjected to flexure as given 

by Libby^^ or Nilson^\ However, if the prestressing 

tendon is unbonded, the change in strain in the tendon is 

distributed over the entire length of the tendon rather 

than being "more concentrated" at the section of maximum 

moment. Distributions of the additional strain due to the 

externally applied loads, Ac , for a bonded and an unbonded 
s 

tendon are shown in Fig. 1.1. As can be seen in this 

figure, the magnitude of Aeo in the unbonded tendon is 

smaller than that of the bonded one. Since stress is 

directly proportional to strain, the reduction in strain 

because of the lack of bond between the steel and concrete 

results in a reduction in the additional stress due to the 

externally applied loads, if . 
s 

The stress in steel at ultimate load (f__) in a 
ps 

prestressed concrete beam can be expressed as: 



] 1 
If 'V;. ; ' 'K '* " A ' \  \ + 'K ' . J. A- -V - -- --*• "A 
rfrtr nfn 

|»— a —1«— b —a —-| 

Fig. 1.1. Distribution of Additional Strain in the Strand 
due to the Externally Applied Load, Aes, for 
Bonded and Unbonded Tendons 
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f _ _  »  f c o  +  A f  (1.1) 
ps se s 

where f is the effective prestress in the steel tendon 
se 

after all the prestress losses have taken place, and Afg is 

the additional stress due to the externally applied loads. 

From the above equation it can be concluded that a 

reduction in the value of Af due to the lack of bond 
s 

results in a lower value of f „ and ultimate moment 
ps 

capacity of unbonded post-tensioned members. 

Baker^^ was the first one who recognized that loss 

of bond between the prestressing steel and concrete lowers 

the ultimate moment capacity of the prestressed concrete 

beams. He introduced a bond factor F to account for these 

losses. The factor F is the ratio of change in the strain 

in the tendon to the change in the strain in the concrete 

adjacent to the tendon at failure. The value of F is a 

function of several variables including the value of strain 

in the tendon at ultimate load. For this reason, Baker 

suggested that the bond factor should be obtained experi­

mentally. However, for the purpose of design and 

simplified analysis, he suggested the use of a safe value 

of 0.1. The bond factor, F, can be multiplied by Af 

obtained from strain compatibility equations to calculate 

Acs in unbonded post-tensioned beams. 

Tests performed by Janny et al.^) at the Research 

and Development Laboratories of the Portland Cement 
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Association showed that the strength of pre-tensioned and 

the corresponding post-tensioned bonded beams was nearly 

equal, but that the strength of post-tensioned unbonded 

beams was between 20 to AO percent lower than that of the 

corresponding bonded beams. Values of Af in unbonded 

tendons were found to vary from 40,000 to 60,000 psi. 

However, Eq. 26-7 of ACI 318-63^^ code gave a constant 

value of 15,000 psi for Af in post-tensioned unbonded 
S 

tendons. The reason for limiting Af to such a low and 
s 

conservative value was the lack of detailed information and 

test results on the behavior of post-tensioned specimens 

with unbonded tendons. This resulted in more experiments 

and investigations. 

Twenty-six unbonded post-tensioned beams were 

tested at the University of Illinois.The results 

showed that Af was a function of the reinforcement ratio, 
s 

Pp, as well as the compressive strength of concrete f'c. 

The values of Af were found to vary from about 10,000 t 
s 

80,000 psi. Warwaruk^®^ plotted Af against Pn/f' an<3 
s ° P c 

obtained the following equation for Af ; 
s 

>10 p-
Af - 30,000 - 10AU (1.2) 

£ c 

where p • Ps 
P b d 

w 
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A • area of prestressed reinforcement in tension 
ps 

zone 

bw » width of compression face of member 

d = distance from extreme compression fiber to 

centroid of prestressing steel. 

Based on the results of tests by Mattock, Yamazaki 

(9) 
and Kattula v ' on seven simply supported and three 

continuous beams performed at the University of Washington, 

the following equation was obtained for Af . 
s 

f • 
Af « 1 . 4  1- + 10,000 (1.3) 
s * 100 p 

P 

Mattock^) plotted the values obtained from Eq. 1.3 against 

Pp/f' an(* comPared them to the test results of 

Warwaruk^®), Mattock^®\ Janney et al.^\ Imperial 

College S.D.I.R. Group^^^ and Gifford^*^ and found that 

Eq. 1.3 gave a lower bound to all of those test results. 

ACI-ASCE Committee 423 replaced the factor 1.4 in 

Eq. 1.3 by 1.0 to make it slightly more conservative. It 

is this form for Afg that is used in the ACI-318-71^"^ 

code for Afgf i.e., 

fps - fpe + 4fs <!•'> 

where 



f'c 
A f  -  — +  10,000 
* 100 Pp 

The value of Afg in this equation is limited to a maximum 

value of 60,000 psi and fps is limited to the yield stress 

of prestressing steel fpy« 

Several investigators^^"^^ have shown that the 

span/depth ratio, */d, also influences the magnitude of Afg 

in addition to P and f' included in Eq. 1.4. Mojtahedi 
P C 

and Gamble^^) found that the value of Af given by Eq. 1.4 s 

was over-estimated for the beams with */d greater than 40. 

This means that Eq. 1.4 cannot be applied to those 

structural members with t/d _> 40, including typical slabs 

which have an t/d ratio of about 45. For this reason Park 

and Gamble^*®) suggested that until further tests have been 

conducted and Eq. 1.4 is modified, the conservative 

equation given by ACI 318-63^^ should be used for the 

determination of Af in post-tensioned unbonded members 

with t/d > 40. 

Equation 18.4 of ACI-318-83^19^ limited the use of 

Eq. 1.4 to those specimens with t/d less than or equal to 

35 and introduced the following equation for specimens with 

t/d greater than 35: 

fps * fse + Afs - fpy (1*5) 

where 



f' 
A£ . 1_ + 10,000 
s 300 P 

P 

This value of Afg is limited to a maximum value of 

30,000 psi and fpg is limited to the value of fpy* 

In post-tensioned members in which the unbonded 

tendons are the only flexural reinforcement of the member, 

after the first flexural crack appears it increases rapidly 

in depth and width and the member behaves as a shallow tied 

arch, rather than as a flexural member. For this reason, 

ACI-ASCE Committee 423^®^ required a minimum amount of 

bonded reinforcement. This amount was given as 0.2 percent 

of the gross area of concrete. From the results of the 

experiment conducted by Mattock^^, he concluded that the 

above requirement would ensure a satisfactory serviceabil­

ity characteristic in beams with unbonded tendons. 

However, Mattock suggested that the amount of this minimum 

reinforcement should be 0.4 percent of the area of that 

part of the beam section between the flexural tension face 

and the neutral axis of the cross section. This is the 

same amount of reinforcement that is required by Section 

18.9 of the ACI-318-83 Code.<19> 

1.3. Effect of Reinforcement on Mode of Failure 

There are three terms which are used for defining 

the amount of reinforcement in reinforced as well as 
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prestressed concrete members. These are: balanced, 

underreinforced and overreinforced conditions. 

A beam in which the reinforcing steel starts to 

yield at exactly the same load as the concrete reaches its 

ultimate strain is said to be in its balanced condition. 

If a beam has less reinforcement than that required for a 

balanced condition, it is said to be underreinforced. If 

it has more, it is said to be overreinforced. 

In an underreinforced beam the prestressing steel 

yields before the compression concrete reaches its ultimate 

stress. As a result, large deflection and cracks will be 

observed before the failure occurs. This is the most 

desirable mode of failure, because it warns the user of the 

structure before failure occurs. If the amount of steel 

reinforcement is much too small, the ultimate resisting 

moment of the section will be less than the cracking 

moment. As a result, a brittle failure by fracture of 

steel occurs. Such beams are often referred to as too 

lightly reinforced. If a beam is overreinforced, the com­

pression concrete reaches its ultimate stress before the 

steel yields. The failure of such a beam would be sudden 

and unexpected to the users of structures. 

The most desirable mode of failure for a concrete 

beam is that of underreinforced beams which give a 

noticeable amount of deflection and large enough cracks 
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prior to the failure. In order to prevent the sudden and 

brittle failure associated with overreinforced or too 

lightly reinforced beams, a lower and an upper limit for 

the amount of reinforcement should be set. For reinforced 

( 1 9 )  
concrete beams, the ACI Code ' provides a minimum amount 

of steel ratio P . which is equal to 200/f . where f is 
mm ^ y y 

the specified yield strength of tension reinforcement in 

psi. This value of p . was obtained by calculating the mxn ' ° 

cracking moment of a plain concrete section and equating it 

to the strength of a reinforced concrete section of the 

same size multiplied by a safety factor of 2 and solving 

for the steel ratio, P. The maximum amount of reinforce­

ment in reinforced concrete beams is given as 75 percent of 

the steel required for the balanced condition. This guar­

antees that the beam will never reach its balanced condi­

tion and will always behave as an underreinforced beam. 

For prestressed concrete beams the minimum amount 

of reinforcement is not given in terms of reinforcement 

ratios. It is rather given indirectly in terms of ultimate 

resisting moment (M ) and cracking moment (M ). According 
u cr 

to Section IS.8.3 of the ACI Code^^, the design nominal 

moment capacity of the section must be at least 20 percent 

higher than that of cracking moment. An expression for 

minimum amount of reinforcement can be obtained in terms of 

reinforcement index, w, where 
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U ™ (I) + 0) - o>
1 

p 

Ag = area of nonprestressed tension reinforcement 

A' = area of compression reinforcement 

fy » specified yield strength of nonprestressed rein­

forcement 

f's " stress in compression reinforcement at nominal 

strength. 

This expression can be obtained by writing the design 

nominal moment capacity of a section as a function of <» and 

setting it equal to a factor multiplied by the cracking 

moment of the cross section. This procedure was done by 

( 2 i  2 2 }  
Naaman ' for a typical prestressed concrete beam. The 

derivation of such an equation for partially reinforced 

beams with unbonded tendon is given in Appendix A of this 

report. 

1.4. Objective and Scope 

This experiment was undertaken to study the 

flexural behavior of unbonded post-tensioned members with 



the minimum amount of reinforcement and the effect of shear 

span, a, on additional stress due to externally applied 

loads, Af . Eight full-size unbonded post-tensioned 

concrete beams were constructed and tested for the purpose 

of this investigation. The primary variables of the 

experiment consisted of dimensions of the cross section, 

the amount of prestressing force, pe, and the a/*- ratio 

where a is the shear span and t is the clear length of the 

span. In the experimental portion of this investigation 

effects of such parameters on Afg are investigated. In the 

analytical portion of this study the results of the experi­

ments are compared to the values obtained from some of the 

existing equations and some modification factors are recom­

mended. 



CHAPTER 2 

DESIGN AND CONSTRUCTION OF SPECIMENS 

2.1. General 

Eight unbonded post-tensioned beams were tested 

during this experiment. The primary purpose of this 

experiment was to study the flexural behavior of lightly 

reinforced post-tensioned beams with varying shear span. 

The major variables of the experiment consisted of 

dimensions of the cross section, the amount of prestressing 

force, Pg, and the a/*• ratio, where a is the shear span and 

i is the clear length of the span. Four of the specimens 

were "large size" which were 14 x 20 in. and the other four 

were "small size" which were 12 x 18 in. A flow chart of 

the experimental program is shown in Fig. 2.1. 

2.2. Design for Flexural 

The size and amount of prestressing steel for each 

specimen was chosen so that a section with a design nominal 

moment of 20 percent higher than the cracking moment as 

suggested by the ACI Code was obtained. A larger section 

was then chosen to make the cracking moment higher. The 

ultimate moment capacities were calculated by using 

14 



| SPECIMENS] 

I LARGE I SMALL 

V - 0.2 0.33 0.39 0.26 <• 0.33 0.33 0.33 

P. • 17 

Fig. 2.1. Flow Chart of Experimental Program. 
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18-4 of the ACI code and cracking moments were calculated 

from the following equation. 

Mc - P 
cr e *b ° 

where 

r = radius of gyration of cross section 

r ' <:r> 
c 

I = moment of inertia of gross concrete section about 

neutral axis, in^. 

2 
A£ = gross area of concrete, in 

y, • distance from the tension face of the specimen to 
b 

the neutral axis, in. 

eQ - distance from the center of the prestressing 

steel to the neutral axis of cross section, in. 

f • modulus of rupture of concrete, psi. 

£r " 7-5 £'c 

f' • specified compressive strength of concrete, psi. 
c 

Since all of the beams had unbonded tendons, a 

minimum area of bonded reinforcement was added as required 

by Section 18.9.2 of the ACI code which is given by the 

equation " 0.004 A, where A is the area of that part of 

the cross section between flexural tension face and the 
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center of gravity of the cross section. Figures 2.2-2.5 

show the dimensions and details of test specimens. 

After adding this amount of steel area, the 

sections were analyzed again. These new values of nominal 

and cracking moments are shown in Table 2.1. 

2.3. Design for Shear 

The amount of shear reinforcement and spacing of 

stirrups were obtained from equations given in Section 11.4 

and 11.5 of the ACI code. 

The values of load (V) and moment (M) that were 

used in these equations were obtained from the nominal 

capacity of the section and a shear span a of 4 feet. 

Figures 2.2-2.5 give the spacing of stirrups for all of the 

specimens. 

2.4. Construction of Specimens 

One large wooden form was used to cast all of the 

beams. The form was constructed of 3/4 inch thick plywood 

and was designed to accommodate four beams side by side at 

one time, as shown in Fig. 2.6a. The beams were separated 

by means of interior dividers which were slid into the form 

as shown in Fig. 2.6b. 

The form was then waterproofed with bulls eye 

shellac coating and oiled prior to casting. Electrical 

resistance strain gages manufactured by Micromeasurements 
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Table 2.1 

Capacity of the Designed Specimens 

Specimen Size Pe f "n *Mn "cr 1.2 
Number (k) k-ft 

"cr 

1 & 4 12x18 13.1 0.0348 46.83 42.90 34.33 41.95 

2 & 3 14x20 17.0 0.0321 69.83 62.85 50.10 60.11 

5 & 8 14x20 30.0 0.0463 85.84 77.26 60.19 72.22 

6 & 7 12x14 23.1 0.0506 57.59 51.83 41.0 49.19 

ro 
N5 



Fig. 2.6a. Construction of Forms 
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Fig. 2.6b. Interior Dividers used in the Forms 
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were attached to the longitudinal steel reinforcement, 

stirrups and prestressing tendons in the designated 

locations shown in Fig. 2.7. The longitudinal steel 

reinforcement and stirrups were assembled and tied 

together. After the assemblage was done, several 1 1/2 in. 

diameter by 2 in. "chairs" were placed in the oiled form, 

and the cages were placed on top of them. This was done 

for the purpose of providing the 2 in. concrete cover for 

the lower longitudinal bars. Since the strands were longer 

than the form, and some portion of the strands had to be 

extended outside the form on each side, a 5/8 in. diameter 

hole was made at the location of the strands on each side 

of the form and the strands were passed through these 

holes. It was desirable to keep the tendon on the center 

line of the specimen so that no lateral eccentricity of the 

post-tensioning force could exist. This was achieved by 

tying the strand on both sides of the form with end 

anchorages, as shown in Fig. 2.8. Before placing the 

concrete, the tendons were wrapped in plastic tape and were 

lubricated by a thin film of grease to eliminate the 

bonding of the tendons to the concrete. The concrete for 

all beams was supplied by the Tanner Companies in Tucson, 

Arizona, and followed the mix proportion as given in Table 

2.2. At the time of casting, a hand-held electrical 

vibrator was used to consolidate the concrete inside the 
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Fig. 2.8. Constructed Form Prior to Concrete Pouring 
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form. Fourteen concrete cylinders were cast from each 

batch of concrete. 

The beams and the concrete cylinders were moist-

cured in the formwork under sheets of plastic for two 

weeks. The forms were then removed and the specimens were 

left without covering under the same condition as the 

concrete cylinders until the day of testing. 

2.5 Material Properties 

The concrete used in the beams was mixed and 

delivered by the Tanner Companies in Tucson, Arizona. It 

was of normal weight concrete with a design compressive 

strength of 4000 psi at 28 days and mix proportions given 

in Table 2.2. 

Table 2.2 

Concrete Mix Proportions 

Material lb/cuyd 

Coarse aggregate with max. 
size 1/2 in. 1800 

Fine aggregate (sand) 1240 

Portland cement, Type I 480 

Water 308 

Because the forms could accommodate only four 

beams, two batches of concrete were used to cast all eight 
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specimens. At the time of casting, the concrete mix for 

both batches had a slump of 3 1/2" and a water cement ratio 

of 0.55. Fourteen standard 6 in. by 12 in. concrete 

cylinders were cast with each batch of concrete and then 

cured in the same condition as the specimens. Compressive 

strength of the concrete cylinders at 28 days as well as 

the day of testing are listed in Table 2.3. It should be 

mentioned here that the highest and the lowest values of 

concrete cylinder tests are not included in the average. A 

typical stress versus strain curve for the concrete is 

shown in Fig. 2.9. 

The prestressing steel used in the beams was 

1/2 in. diameter, seven wire low relaxation strand. It was 

supplied by Sumiden Wire Products Corporation and had the 

properties as shown in Table 2.4. 

The plot of stress vs. strain for the strand is given in 

Fig. 2.10. 

The stresses in the strands were measured, using 

electrical resistance strain gages attached to two of the 

strands. Each strain gage was attached to one wire which 

was spirally oriented relative to the longitudinal axis of 

the strand. The effect of this spiral orientation on the 

measurement was taken into account through the modulus of 

elasticity of the strand as follows: two electrical 

resistance strain gages were attached to two different 



Table 2,3 

Results of Concrete Cylinder Tests 

Description Batch No. 1 Batch No* 2 

Specimens Constructed 
with each Batch 

1. 2, 3. 4 5, 6, 7, 8 

28-Day Compressive 
Strength (psi) 

** 3820, 4490, 3840, 3930 

Average of 28-Day 
Coap. Strength (psi) 

4020 

Test Day Compressive 
Strength (psi) 

4740, 
4830, 
4600, 

4670, 4580, 
4670, 5110* 
5080, 3220, 

3290, 4420 
, 2760* 
5080 

4600, 
3820* 
3960, 

4780, 4400, 
, 3940, 4070 
3890 

4810* 
, 4550 

Avg. Test Day 
Coap. Strength (psi) 

4470 4270 

**No cylinder test at 28 days. 

*Not included In the average. 
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Table 2.4 

Properties of Strands 

Ultimate stress 

Yield stress 

Cross-sectional area 

Modulus of elasticity 

Total strain 

288 ksi 

265.5 ksi 

0.1525 in2 

28800 ksi 

0.053 in/in 
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wires which were approximately on opposite faces of the 

strand. The strand was then subjected to tension over a 

length of 7 ft. The amount of load which was applied to 

the strand was measured by using a load cell which will be 

explained in detail in Chapter 3. The strain in the strand 

was obtained by the two electrical resistance strain gages 

which were explained earlier. The strand was tensioned 

three times up to a load of 30 kips. At 2 kips intervals 

both the values of load and strain were recorded by a data 

acquisition system. This data acquisition will also be 

explained in Chapter 3. 

Using the above data, the load versus strain curve 

for each trial was obtained. The slope of each of these 

graphs was obtained and compared. It was found that these 

slopes were very close. The mean value for all of the 

slopes was calculated and was found to be 5150 ksi. This 

value was then divided by the area of the strand and the 

apparent E value was obtained. This apparent modulus of 

elasticity was used to calculate the stresses from measured 

strains in the strand. A typical plot of load vs. strain 

for obtaining the apparent E value is shown in Fig. 2.11. 

The reinforcing bars used in this project consisted 

of No. 3 Grade 40, which were used for stirrups, longitudi­

nal bars in the smaller cross sections and some of the 

longitudinal bars for the large cross sections. No. 4 
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Grade AO steel was used for some of the longitudinal bars 

for the rest of the cross sections. Three pieces of 

15-inch long samples of each size bar were randomly 

selected and were tested under a uniaxial tension test with 

an eight inch gage length. The average value of yield 

stress (fy) was found to be 61.33 and 65.4 ksi for No. 3 

and No. 4 bars respectively. A typical graph of stress 

versus strain for No. 3 bars is shown in Fig. 2.12. 
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CHAPTER 3 

INSTRUMENTATION AND TEST SET-UP 

3.1. Instrumentation 

Four different types of measuring devices were used 

during the testing of specimens. These consisted of an MTS 

loading system which measured the amount of displacement 

and the load applied to the specimen, Micromeasurement Inc. 

electrical resistance strain gages which measured the 

amount of strain in the strands, conventional load cells 

which measured the amount of load applied to the strand, 

and linear position spring return sensor models (LPSRSM) 

which measured the amount of deflection. The LPSRSMs were 

manufactured by Duncan Electronics, in Costa Mesa, 

California. 

The amount of load which was applied to the 

specimen was controlled and measured by an MTS 436.11C 

control unit and an MTS 406.11 controller. The control 

unit was used to turn on the hydraulic power supply and 

select the required hydraulic pressure. The controller 

contained a feedback selector which enabled the user to 

select either the "load control" or the "displacement 

control" mode. It also contained a limit detector which 

limited the load or displacement to a certain predetermined 

37 
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percentage of the full capacity. A photograph of the MTS 

control system is shown in Fig. 3.1. 

The strain in the reinforcing steel was measured by 

using electrical resistance strain gages. All of the 

strain gages which were used throughout this experiment 

were type EA-06-240LZ-120 with a gage factor of 2.045 and 

120 ohms electrical resistance. They were manufactured by 

Micromeasurements Inc. 

Before attaching the strain gages, the surface of 

the reinforcing bars and strands was smoothed by coarse and 

then fine sandpaper. A water-based acidic surface cleaner, 

"conditioner A," and a water-based alkaline surface 

cleaner, "neutralizer 5," were used to further prepare the 

surface. The strain gages and the terminals which were the 

type CTF-50D and manufactured by Micromeasurements were 

placed on a cellophane tape with a clear distance of 

1/8 in. between them. The tape was placed on the reinforc­

ing steel bars and strands, making sure that the strain 

gages and terminals were at the prescribed locations. One 

end of the tape was then lifted up and Duro Contact Cement 

adhesive was applied to both strain gages and a conditioned 

surface. After ten minutes, the assemblage was placed on 

the surface of the bar and tightly wrapped with a rubber 

band for 24 hours. This was done for the purpose of main­

taining the pressure required for the adhesive to cure. 



Fig. 3.1. MTS Control System 
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After removing the rubber band, small pieces of Teflon-

coated electrical wires were used to connect the strain 

gages to the terminals by means of soldering. A 

20 feet long three-conductor cable was then soldered to 

each terminal. These wires were later connected to a model 

3054A data acquisition control unit system manufactured by 

Hewlett Packard. Photographs of strain gages attached to a 

stirrup and strand are shown in Figs. 3.2a and 3.2b, res­

pectively. 

In order to have a good measurement of the amount 

of force which was applied to the strand, a cylindrical 

aluminum load cell was built with a diameter of 1 1/2 inch 

and a height of 2 inches. The hollow core of the load cell 

allowed the passage of the strand through the load cell. 

The procedure given earlier was followed to attach four 

strain gages to the load cell. Two of the strain gages 

were attached vertically and the other two were attached 

horizontally. The locations of the strain gages were 

placed so that each strain gage was located in the mid-

height of the cylinder and was 90° away from the adjacent 

strain gages as shown in Fig. 3.3. Since all of the strain 

gages which were connected to the data acquisition had 

120 ohms electrical resistance, it was desirable to make 

the total electrical resistance of the load cell 120 ohms 

also. This condition was achieved by connecting two strain 



Fig. 3.2a. Typical Strain Gages Attached to a Stirrup 

Fig. 3.2b. Typical Strain Gages Attached to a Strand 
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Fig. 3.3. The Load Cell Constructed for the Study 
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gages in parallel to each other and the other two in 

series, as shown in Fig. 3.4. 

After the load cell was built, its calibration 

curve was obtained by subjecting it to compressive forces 

under the actuator. The amount of load applied by the 

actuator and the strains obtained from the strain gages 

were recorded at every five kips interval. This process 

was repeated three times for loads of up to 35 kips. The 

results for all of the trials were very close. At the end, 

the applied load was plotted versus strain and the calibra­

tion curve was obtained as shown in Fig. 3.5. 

The deflections of the specimens were measured by 

eight linear position spring return sensor models (LPSRSM), 

manufactured by System Bouncan Electronic Company. 

The calibration curve for each LPSRSM was obtained 

by displacing the spring and obtaining the change in the 

output of voltage for every 1/8 of an inch increment. The 

change in voltage was then plotted versus the amount of 

displacement. This calibration curve was obtained for all 

of the LPSRSMs. Since all of the graphs were not identical 

and there were some slight differences among them, each of 

the LPSRSMs was numbered and its corresponding graph was 

identified. Deflection at each location was found by 
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Fig. 3.4. Connections of Strain Gages for Building the 
Load Cells 
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getting the change in voltage of that particular LPSRSM and 

finding the amount of deflection from the corresponding 

graph. 

3.2. Test Set-Up 

All beams were tested in a large steel frame shown 

in Fig. 3.6. The loads were applied through an MTS 

hydraulic actuator with a maximum capacity of 110 kips and 

a maximum stroke of 10 inches. 

All specimens were 129 inches long and were 

supported on two 14-inch long, 1 inch diameter steel rods 

mounted between two grooved I"x3l,xl4" steel plates as shown 

in Fig. 3.7. The center-to-center distance between the 

supports was 108 inches. 

A 64-inch-long HP 10x53 steel beam stiffened with 

18 l/2"x5"xl0M steel plates was used as a spreader beam to 

transmit the load from the actuator to the specimen through 

two adjustable supports which were exactly the same as 

shown in Fig. 3.7. 

3.3. Test Procedure 

The specimen was placed in the frame. Linear 

position spring sensor models (LPSRSM) were placed at four 

different locations along the specimen. These locations 

were the centerline of the specimen, 6 inches from each 

side of the centerline and under one of the concentrated 



Fig. 3.6. Test Set-Up Inside the Frame 



Fig. 3.7. A Typical Support for the Specimens 
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loads as shown in Fig. 3.8. For specimens 1 through 5, two 

LPSRSMs were placed at each location with 3/4 inch distance 

from the edge of the specimen and the average of the two 

was calculated and taken as the amount of deflection at 

that location. For the remaining specimens it was decided 

to use only one LPSRSM along the middle of the specimen at 

each location. 

The strain gages were connected to the data acqui­

sition system and the initial reading was recorded by an HP 

9836 computer. Two load cells were then placed in the dead 

and live end of the beam. The dead end is defined as the 

anchored end of the strand while the live end refers to the 

end at which the jacking force is applied. Each load cell 

was tied and held in place by means of an anchor. Photo­

graphs of a typical anchor used as well as the dead and 

live end of specimen are shown in Figs. 3.9, 3.10a and 

3.10b, respectively. 

Each specimen was post-tensioned with a 50 ton 

capacity, 5 inches stroke, hollow core hydraulic jack which 

was driven by a hand pump. The amount of load applied to 

the tendon was measured by the dial gage of the hydraulic 

jack and more accurately by the strain gages. When the 

desired level of stress was reached, the pressure valve of 

the hydraulic jack was released and strain in the tendon 

was recorded and printed out by the computer. If there was 



P/-2 P/2 

i 7 1 
Zm 

& i s 

LiifJ Eaa 

\et 
• 

W A A A J 
a,<\ \c. %4 

21* [at ct 

i J »,2 

Id'1 

Fig. 3.8. Locations of LPSRSM's 



51 

BODY 

JAW 

ASSEMBLY 
\ SPRING 

RETAINER 
RING 
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Fig. 3.10a. Assemblage of Dead End of the Specimens 

Fig. 3.10b. Assemblage of Live End of the Specimen 
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a reduction in the stresses due to slippage of the anchor, 

the tendon was stressed again. This was done for a few 

times for each specimen until the desired level of stress 

was reached. The final value of stress was taken as the 

effective prestressing stress in the tendon for the 

specimen. 

After the post-tensioning process was finished, the 

specimen was ready for the actual test. Before beginning 

the test, the specimen was loaded to a load of up to 3 kips 

and unloaded again. This was done for the purpose of sta­

bilizing the specimen. The control unit for the actuator 

was set to the displacement control mode to prevent any 

accidental excessive deflection which could occur due to 

the change in the stiffness of the specimen. 

The load was applied in 2 kips increments until the 

first flexural crack was observed, then 1 kip increment was 

applied until failure of the specimen occurred. At every 

load increment, the data from strain gages as well as the 

transducers and actuator were scanned by the data acquisi­

tion system, recorded on a floppy disk, and printed out by 

the HP printer. While this was being done, the cracks in 

the specimen were observed and marked and photographs were 

taken. 



CHAPTER 4 

BEHAVIOR OF SPECIMENS UNDER THE TEST 

The behavior of all eight specimens tested for the 

purpose of this investigation are described in detail in 

this chapter. After a brief description of each specimen, 

the highlights of the test results for each specimen are 

pointed out. Plots of some of the strain gage readings and 

load versus deflection curve and photographs of specimen 

after the failure are also given for each specimen. 

Actual dimensions and amount of reinforcement as 

well as the a/t ratio for all specimens are shown in Table 

4.1. Locations of concentrated loads, strain gages and 

LPSRSM's for Specimen #1 are shown in Fig. 4.1. This 

specimen was loaded with a 2 kips load increment until a 

load of 19.9 kips was reached and the first flexural crack 

appeared. It was then loaded with 1 kip load increment 

until the end of the experiment. At a load of 42.6 kips, 

steel rebars at the bottom of the specimen started to 

yield, causing cracks to widen. A graph of load vs. strain 

for one of these rebars is shown in Fig. 4.2. At exactly 

the same load, the depth of the neutral axis was at the 

compression steel bars. The shift of the neutral axis from 

the bottom to the top of the compression steel can be 
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Table 4.1 

Details of Specimens 

Specimen 
Number 

Size Aps 
sq. in. 

As 
sq. in. 

A's 
sq. in. 

a 
in. 

Pe 
(k) 

fps 
(ksi) 

1 12x18 0.1525 0.44 0.33 36 9.37 112.7 

2 14x20 0.1525 0.62 0.51 36 15.13 159.6 

3 14x20 0.1525 0.62 0.51 48 16.22 134.8 

4 12x18 0.1525 0.44 0.33 28 10.36 72.13 

5 14x20 0.1525 0.62 0.51 42 27.40 223.2 

6 12x18 0.1525 0.44 0.51 36 15.00 160.4 

7 12x18 0.1525 0.44 0.33 30 17.00 189.4 

8 14x20 0.1525 0.62 0.51 36 21.41 171.5 
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observed from Fig. 4.3. At a load of 47.6 kips, crack "A," 

which was under the right hand side concentrated load, was 

measured to be 4.5 mm wide. The specimen was loaded until 

a load of 55 kips was reached. At this point, due to some 

experimental problems, the test was stopped. The specimen 

did not fail completely. However, the depth of the neutral 

axis (propagation of crack) was very close to the top of 

the specimen (about 1 inch). This value of the load was 

taken as the ultimate load capacity of the specimen. 

Only one of the four strain gages which were 

attached to the strand was working. The value of strain 

obtained from this strain gage was multiplied by the 

apparent E-value to obtain the ultimate stress in the 

strand which was found to be 112.7 ksi. This is 39 percent 

of the ultimate stress and 42 percent of the yielding 

stress of the strand. The maximum amount of deflection at 

midspan of this specimen was found to be 0.86 inches as 

shown in Fig. 4.4. A photograph of the specimen at 

ultimate load is shown in Fig. 4.5. 

Actual details of Specimen #2 are listed in Table 

4.1. The difference between this specimen and Specimen #1 

was in the size and amount of effective prestressing force 

pfi. Locations of strain gages and LPSRSM's for this 

specimen are shown in Fig. 4.1. The first flexural crack 

for this specimen occurred at a load of 30.07 kips. At a 
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Fig. 4.5. Specimen 1 During the Test 



load of 52.74 kips, cracks started to widen. This was the 

result of yielding longitudinal steel bars in the bottom of 

specimen. At a load of 54.06 kips, a flexural shear crack 

began to develop. At a load of 67.12 kips, the width of 

crack "A," which was located at the midspan of the beam, 

was measured to be 4 mm. The specimen was loaded until a 

load of 74.72 kips was reached and failed in flexure. The 

ultimate value of stress in the strand was obtained by 

averaging the amount of strain of three strain gages 

attached to the strand and multiplying it by the apparent 

E-value. The ultimate value of stress in strand, f . for 
' ps 

this specimen was found to be. 159.6 kips which is 55 

percent of ultimate stress, fpU> and 60 percent of the 

yield stress of the strand. The maximum amount of 

deflection at the midspan for this specimen was found to be 

0.575 in. as shown in Fig. 4.6. Photographs of this 

specimen at failure are shown in Fig. 4.7. 

Specimen #3 had the same dimensions and reinforce­

ment steel as Specimen #2. The major difference between 

the two specimens was the value of shear span, a, as shown 

in Table 4.1. Fig. 4.1 shows the locations of concentrated 

loads, strain gages and LPSRSM's for this specimen. The 

specimen was loaded with a 3-kip load increment until the 

first flexural crack occurred at a load of 23.31 kips. It 

was then loaded with a 2-kip load increment. At a load of 
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33.62 kips a flexural shear crack began to form. At a load 

of 46.12 kips the depth of the neutral axis reached to the 

compression steel as shown in Fig. 4.8 which gives the load 

vs. strain for one of the compression steel bars. Crack 

"A" which was located at the midspan of the beam was 

measured to be 2 mm wide at a load of 47.15 kips and 4 mm 

at a load of 49.65 kips. The specimen was loaded until a 

load of 51.8 kips was reached and failed in flexure. The 

value of stress in the strand at failure was found by 

averaging the values of strain obtained from the four 

strain gages attached to the strand and multiplying them by 

apparent E-value. This value was found to be 134.8 ksi. 

Maximum deflection in the midspan of the specimen was found 

to be 0.40 inches as shown in Fig. 4.9. A photograph of 

the specimen near the failure is shown in Fig. 4.10. 

Specimen #4 had the same dimension and reinforce­

ment steel as Specimen #1. This specimen had a shear span 

of 28 inches and was post-tensioned with an effective pre-

stressing force of 10.36 kips. Locations of strain gages 

and LPSRSM's for this specimen are shown in Fig. 4.11. The 

specimen was loaded with 3 kips load increment until the 

first flexural crack appeared at a load of 27.21 kips. Due 

to some experimental problem the test was stopped at a load 

of 40.36 kips. The specimen was unloaded and reloaded 

again until a load of 55.45 kips was reached and the test 
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Fig. 4.10. Specimen 3 Near the Failure 
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had to be stopped again. A photograph of specimen during 

the first loading and a plot of load vs. deflection at 

midspan of specimen for the second loading are shown in 

Figs. 4.12 and 4.13 respectively. 

Actual dimensions, the amount of reinforcement, and 

a/i ratio for Specimen #5 are shown in Table 4.1. The 

locations of strain gages and LPSRSM's for this specimen 

are shown in Fig. 4.1. The first flexural crack occurred 

at a load of 35.95 kips. At a load of 54.73 kips, the 

longitudinal steel bars in the bottom of the specimen 

started to yield. At a load of 63.03 kips, cracks started 

to widen and flexural cracks under the concentrated loads 

started to move diagonally and form a flexural shear crack. 

The specimen was loaded until an ultimate load of 68.5 kips 

was reached and failed in flexure. The value of stress in 

the strand at ultimate load f for this specimen was found 

to be 223.2 ksi. This is 77 percent of ultimate and 

84 percent of yield stress of the strand. Maximum 

deflection at midspan of specimen was found to be 

0.76 inch. A plot of load vs. deflection and a photograph 

of specimen at failure are shown in Figs. 4.14 and 4.15 

respectively. 

Actual dimensions and the amount of reinforcement, 

as well as a/A ratio for Specimen #6 are shown in Table 

4.1. The location of concentrated loads, strain gages, and 
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LPSRSM's are shown in Fig. 4.10. This specimen was loaded 

with a 2 kips load increment until a load of 26.92 kips was 

reached and the first flexural crack appeared. At a load 

of 42.66 kips, a flexural-shear crack development was 

observed. At a load of 45.45 kips, the longitudinal steel 

bars in the bottom of the specimen started to yield, 

causing the cracks to widen. At a load of 61.55 kips, 

crack "B," which was located between the centerline of the 

beam and one of the concentrated loads was measured to be 

about 5 mm wide. This specimen was loaded up to a load of 

63.63 kips and failed in flexure. The value of stress in 

the strand was found to be 160.41 ksi which was 56 percent 

of the ultimate and 60 percent of the yield stress of 

strand. Maximum deflection at the midspan of the specimen 

was found to be 1.24 inches as shown in Fig. 4.16. A 

photograph of the specimen at failure is shown in Fig. 

4.17. 

Actual details of Specimen #7 are shown in Table 

4.1. Locations of the strain gages and LPSRSM's for this 

specimen are shown in Fig. 4.10. The first flexural crack 

for this specimen appeared at a load of 32.23 kips. At a 

load of 56.89 kips flexural cracks started to widen and 

small hair crack branches started to appear. The longitu­

dinal steel bars in the tension zone were yielded at a load 

of 71.87 kips causing cracks to widen. A plot of stress 
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vs. strain for one of these bars is given in Fig. 4.18. At 

a load of 74.12 kips crack "B," which was located in the 

centerline of the beam, was measured to be 4.5 mm wide, and 

at a load of 79 kips, it was measured to be 6 mm wide. 

The specimen was loaded up until a load of 

80.05 kips was reached and failed in flexure. The value of 

stress in the strand at ultimate load was found to be 

189.4 ksi, which was 66 percent of ultimate and 71.2 

percent of the yield stress of the strand. Maximum 

deflection of the midspan was found to be 1.46 in. as shown 

in Fig. 4.19. Photographs of the specimen during the test 

and after failure are shown in Fig. 4.20 and 4.21 respec­

tively. 

Specimen #8 had the same dimension and amount of 

reinforcement as specimen #5. The shear span of this 

specimen was 36 inches and was prestressed with an 

effective prestressing force of 21.41 kips. Fig. 4.10 

shows the location of concentrated loads, strain gages and 

LPSRSM's for this specimen. This specimen was loaded with 

a 2 kips load increment until a load of 35.4 kips was 

reached and first flexural crack appeared. At a load of 

55.93 kips, the reinforcing steels in the bottom of the 

specimen started to yield causing widening of cracks. A 

plot of stress vs. strain for one of these steel bars is 

shown in Fig. 4.22. At a load of 66.2 a web shear crack 
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Fig. 4.20. Specimen 7 Near the Failure 
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started to form. The specimen was loaded up until a load 

of 72 kips was reached and actuator went out of alignment. 

After fixing the actuator, specimen was reloaded again 

until a load of 76.24 kips was reached and it failed with a 

combined flexure-shear failure mode. Maximum value of f 
ps 

for this specimen was found to be 171.5 ksi which was 60 

percent of ultimate and 64 percent of yield stress of the 

strand. Maximum deflection at the midspan of specimen was 

found to be 0.57 inches, as shown in Fig. 4.23. Photo­

graphs of this specimen at failure are shown in Fig. 4.24. 
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Fig. 4.24. Specimen 8 at the Conclusion of the Test 



CHAPTER 5 

DISCUSSION OF RESULTS 

5.1. Effects of Primary Variables 

Table 5.1 lists the primary variables as well as 

some of the test results. As can be seen in this table, 

the increase in the size of the specimen and/or effective 

prestressing force, P£, resulted in an increase in cracking 

and in ultimate moment (M ). However, the ratio of 
U 

ultimate moment (Mu) to the cracking moment (Mcr) was found 

to be larger for the smaller cross sections and smaller for 

larger cross sections. This indicates that the increase in 

the size of the specimen increases the cracking moment 

(M ) more rapidly than it increases the ultimate moment 
vl 

(Mu>-

From Table 5.1, it can also be observed that 

Specimen #3, with the largest value of shear span, a, gives 

the lowest value of additional stress in the strands due to 

externally applied loads, Af_> while Specimen #7, with the 

smallest value of "a" gives the highest value of Af • To 
S 

have a better observation of this variation, the values of 

Af vs. the ratio of b/i, where b is the length of constant 
5 

moment region and i is the clear span of the beam, is given 

in Fig. 5.1. It should be mentioned that specimens #4 and 

87 



Table 5.1 

Primary Variables and Some of the Test Results 

SpeciMn 
Nuaber 

Size 
(in.) (in.) 

Pe 
00 

f'c 
(ksl) 

fps 
(ksl) 

fpe 
(ksl) (ksl) 

«cr 
(k-ln) 

Mult 
(k-in) 

Mode of 
Failure 

1 12x18 26 9.37 4.47 112.7 61.4 51.3 410 990 Flex. 

2 14x20 26 15.13 4.47 159.6 99.2 60.4 570 1345 Flex. 

3 14x20 48 16.22 4.47 134.8 106.4 28.4 738 1243 Flex. 

4* 12x18 28 10.36 4.47 72.13 67.9 4.23 390 777 None 

5 14x20 42 27.40 4.47 223.2 179.7 43.5 828 1439 Flex. 

6 12x18 36 15.00 4.27 160.4 98.31 62.09 484 1145 Flex. 

7 12x18 30 17.00 4.27 189.4 111.31 78.09 498 1201 Flex. 

8 14x20 36 21.41 4.27 171.5 140.4 31.1 684 1397 Flex. 
Shear 

*Specisen did not fail. 

oo 
oo 
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8 are not included in Fig. 5.1. Due to experimental 

problems, Specimen #4 did not fail and Specimen #8 failed 

with a combined mode of flexure-shear failure, and 

therefore did not reach its ultimate flexural capacity. 

From Fig. 5.1, it can be concluded that Af and b/t are 
s 

directly proportional to each other. 

The reason for this relationship can be explained 

by referring to Fig. 5.2. Since the ultimate moment 

capacity of a cross section is independent of the shear 

span, a, the magnitude of ultimate moment (Mu) in Fig. 5.2 

will be the same for all conditions of loading. Additional 

strain in the strands due to externally applied loads, Ae , 

for a bonded tendon will be similar to the moment diagram 

as shown in Fig. 5.2c. However, if the tendon is unbonded, 

Ac will be uniformly distributed over the entire length of 

the span. Having a longer length of constant moment 

region, b, results in a larger value of average strain, 

Aea, as shown in Fig. 5.2c. This effect of b/t on the 

magnitude of Af has not been mentioned by any of the 
s 

researchers and is not included in any of the existing 

expressions for calculation of Af . In the following 

section, the results of this experiment will be compared to 

those values obtained from some of the existing expres­

sions, namely those proposed by Tam and Pannell^*^, ACI 

318-83 code^^^ and British Code of Practice, CPllO^"^. 
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5.2. Comparison of Test Results 
With Existing Theories 

Equation 18-4 of the ACI code gives the following 

expression for calculation of ultimate stress in pre­

stressed tendons at nominal strength, fpS» for flexural 

members with unbonded tendons and the */d ratio of less 

than or equal to 35. 

f = f + Af < f (5.1) 
ps se s — py 

where 

f 'c 
Af = 10,000 + < 60,000 psi 
s 100P — 

p 

£ea = effective stress in prestressed reinforcement, se 

after allowance for all prestress losses, psi 

f* = specified comprehensive strength of concrete, 

psi 

aps 
*» ratio of prestressed reinforcement , r, 

P r b d 
w p 

The values obtained from this equation are shown in Table 

5.2 and are compared to the test results in Fig. 5.3. From 

this figure it can be seen that the values obtained from 

Eq. 5.1 are inconsistent with the test results. For 

smaller values of b, the values obtained from Eq. 5.1 are 

much higher than those obtained from the test results. As 

the value of b increases, the difference between the two 

values becomes smaller. This could be based on the 
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Table 5.2 

Values of£f in ksi 
s 

Specimen 
Number 

a 
(in.) 

ACI* 
(ksi) 

Tam 
(ksi) 

B.C. 
(ksi) 

Test 
(ksi) 

1 36 57.92 82 27.63 51.3 

2 36 74.12 94 44.64 60.4 

3 48 77.35 97.15 47.88 28.4 

4** 28 — — — — 

5 42 72.73 94.3 80.86 43.5 

6 36 57.03 83.2 44.24 62.09 

7 30 57.03 86.49 50.1 78.09 

g**->V 36 74.4 95.45 63.18 31.1 

*These are the values obtained from Eq. 18.4. However, 
these values are limited to a maximum value of 60 ksi. 

**Beam did not fail (test was not completed). 

***Failed with flexural-shear mode. 
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following reasons. First, the effects of b/i ratio are not 

included in the ACI code equation. As discussed earlier, 

the length of the constant moment region does influence the 

magnitude of the additional strains. Secondly, the 

speciments tested in this experiment were lightly 

reinforced. However, the above equation was obtained from 

the testing of specimens with a higher percentage of rein­

forcement. Since the value of p in Eq. 5.1 is in the 

denominator of the equation, a decrease in the value of p 

results in an increase of the value of Af . The results of s 

the equation could become compatible with the test results 

by introducing a modification factor (*), which includes 

the effect of the b/i ratio. Within the limitation of this 

experiment, this modification factor was found to be as 

follows: 

x  =  1 1 0 0 0  — ( 5 . 2 )  
f' i 
c 

and should be applied to Eq. (5.1) in the following 

fashion: 

f'c 
Af - 10,000 + =— • X 
sm * 100 p 

or 
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Afsm = 10,000 + 110 — (5.3) 

V 
where Afsm = modified Afg. 

The values obtained from Eq. 5.3 were plotted in 

Fig. 5.4 and were found to be very close to the actual 

values (less than 5% difference) for values of Af less s 

than 60 ksi. As the value of Afg goes beyond 60 ksi, the 

values of this equation become more conservative (about 20% 

lower than the measured values). 

The following equation was proposed by Tam and 

Pannell^^) for calculation of Af in unbonded tendons: 
S 

afs • * cu - f>  Es r  < 5 - 4 > 

where 

* • (plastic hinge length)/c 

eu « ultimate strain of the concrete (0.003) 

c = depth of neutral axis at failure 

d = effective depth of the beam (from the compres­

sion fiber to the centroid of prestressing 

steel) 

E » modulus of elasticity of steel 
s ' 

L • length of prestressing tendon from anchorage to 

anchorage. 

Calculation of the factor * can be achieved by using the 

following equation, which was also suggested by Tam and 

Pannell^15). 
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T - V " V , (5.5) 

'J1 - <Vp" + »y/°-85 »1£'J E Es 

where 

£ = stress in prestressed reinforcement at 

nominal strength, psi 

f = effective stress in prestressed reinforce­

ment, psi. 

w = p f /f1 
p p ps c 

A 
p = d 
P \ P 

Apg =» area of prestressed reinforcement in tension 

zone (sq. in.) 

bw = width of compression face of member 

dp • distance from extreme compression fiber to 

centroid of compression reinforcement. 

» - Pfy/f'c 

P • A /bd 
s p 

Ag • area of nonprestressed tension reinforcement, 

sq. in. 

Based on the results of their experiment, Tam and 

Pannell obtained a single value of 10.5 for *. This value 

of T was used in Eq. 5.4 and Afg was calculated for each 

individual specimen. The results are shown in Table 5.2 

and are compared with the test results in Fig. 5.5. As can 

be seen in the figure, the results of Eq. 5.4 are 
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unconservative and independent of b/* ratio. This 

difference is due to the following. First, the specimens 

tested by Tam and Pannell were heavily reinforced beams 

with reinforcement indices (u) ranging from 0.125 to 0.269, 

but the specimens in this experiment were lightly 

reinforced with reinforcement indices ranging from 0.052 to 

0.071. Secondly, they tested all of their specimens with a 

single point load which resulted in exclusion of b/A 

effects from their expression for Afg* 

Eq. 5.5 was used and values of * for each specimen 

were calculated. The results are plotted vs. the ratio of 

b/t in Fig. 5.6. From this figure, it was concluded that 

the value of * is not constant but is varying with the b/fc 

ratio. 

By using the least squares method the relationship 

between the * and b/* was found to be: 

* = 18.75 £ + 0.825 (5.6) 
l 

If Eq. 5.6 is substituted in Eq. 5.4, the modified 

Tam-Pannell's equation within the limitation of this 

experiment will be given as: 

Af
s " tV (E e )(d-c)(18.75b + 0.8251) (5.7) s s n 

where 
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ft = clear span of the beam 

L - length of prestressing tendon from anchorage to 

anchorage. 

The values obtained from this modified equation are 

compared to the test results in Fig. 5.7. As can be seen 

from the figure, the values obtained from the equation are 

very close to the test results (less than 5% difference) 

for values of Afg less than 60 ksi. As the value of Afg 

goes beyond 60 ksi, the values of this equation become more 

conservative, with a maximum difference of 12.5%. 

British Code of Practice CPllO^23^ gives the ratio 

f A 
of fnQ/fn- as a function of 6 fS and */d ratio as shown 

Ps Pe f b 
c w 

in Table 5.3. 

Since fpg is equal to fpe + Afg> the ratio fpg/fpe 

f + Af Af 
can be written as Pe or simply 1 + -—. In other 

pe pe 

words, Af can be obtained by using the following equation 
S 

Af • (x-l)f , where x is the ratio of obtained 
s N ' pe' ps' pe 

from Table 5.3. This equation was used and Afg for each 

specimen was calculated. The values of Afg obtained from 

this equation and the experiment are plotted against the 

b/i ratio and the effective prestressing force (Pg) in Fig. 

5.8 and Fig. 5.9 respectively. As it is shown in Fig. 5.8, 

the values obtained from Table 5.3 are inconsistent with 
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Table 5.3 

Stress in Tendons as a Proportion of Effective 
Prestress fnc/fne ^or values of 

1 
S 

-ps/ ̂-pe 

effective span 
effective depthj 

fpe APs 

f *c bwd 

0.025 1.23 

0.05 1.21 

0.10 

00 •
 

H
 

0.15 1.14 

0.20 1.11 

20 10 

1.34 1.45 

1.32 1.45 

1.26 1.45 

1.20 1.36 

1.16 1.27 
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the test results and independent of b/i ratio. However, 

these values are directly proportional to the effective 

prestressing force (Pg) as shown in Fig. 5.9 This is 

because the table gives the value of Af as a percentage of 
S 

effective prestress (f ), i.e., for a set of beams with 
pe 

£ A 
«./d < 10 and < 0.1, the value of Af is 45 percent 

- f' b ~ 5 
c w 

of fpe« But the results of this experiment indicate that 

the value of Afg is independent of the effective pre­

stressing force, Pe, as shown in Fig. 5.9. 

It is therefore concluded that additional test data 

is needed to modify Table 5.3, taking into account the 

following parameters: 

1) The values given in Table 5.3 should become independent 

of the effective prestressing stress (fpe)* 

2) The effect of b/* should be included in the entries of 

Table 5.3. 

3) The ratio of t/d should be extended to higher values 

than 30. 

5.3. Reinforcing Index. S 

ACI 318-83^^ gives the minimum amount of rein­

forcement in a reinforced concrete member in terms of the 

steel ratio, P. This was obtained by setting the cracking 

moment of a plain concrete section equal to the nominal 

moment of a reinforced concrete section of the same size 
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and solving for the steel ratio, P. The result was then 

multiplied by a factor of safety of 2. 

For prestressed concrete members, the minimum 

amount of reinforcement is not given in terms of steel 

ratios or reinforcing index, «. It is rather given 

indirectly in terms of ultimate resisting moment (Mu) and 

cracking moment (M ). The same approach used for the Cl 

development of P . in reinforced concrete members can be 
r mxn 

used to find an expression for the minimum amount of rein­

forcement in prestressed and partially prestressed concrete 

members in terms of reinforcing index, u. This was first 

done by Naaman^^ for a typical prestressed concrete beam, 

and an equation was obtained. However, Naaman did not 

include any compression steel in that expression. The 

following equation was derived in Appendix A of this report 

and it gives the value of u, which would result in a cross 

section with nominal moment capacity of equal value to that 

of cracking moment. 

S = 0.85 (1 - <TRT) (5.8) 
eq 

where 
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0.85 f' b d2 
c w 

Ag Fy [v(d-d's) + 2] 

- te (d - |> - 1.25 b„h2 

When the test specimens were designed, an effort 

was made to make the actual « of all specimens 10 to 

30 percent higher than the u obtained from the above 

equation. However, due to the difference between the 

design and the actual value of the material properties, the 

actual value of u turned out to be as high as twice the 

value obtained from Eq. 5.8, as shown in Table 5.4 and Fig. 

5.10. From this figure it can be concluded that the 

following equation gives the value of u for the tested 

specimens. 

where u is given by Eq. 5.8. 

Eq. 5.9 is compatible to Eq. 10-3 of the ACI Code which 

gives the minimum amount of reinforcement ratio in 

reinforced concrete members (p . ). The highest value of u 
mm 

obtained from Eq. 5.9 is 0.066. This is 34 percent lower 

(24 ) 
than the value of 0.1 suggested by Linv ' for the minimum 

w,j. = 1.7(1 -  ̂1+u) (5.9) 
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Table 5.4 

Reinforcing Index 

Specimen 3 3 "act. 
Number Actual Equation -

"»eq« 

1 0.0571 0.030 1.9 

2 0.0539 0.025 2.156 

3 0.0539 0.0317 1.70 

4* — — — 

5 0.0640 0.0317 2.02 

6 0.0658 0.0323 2.04 

7 0.071 0.0329 2.158 

8** a» w 

JL 
Specimen did not fail. 

**Specimen failed with flexural-shear mode. 
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amount of reinforcement in prestressed concrete beams. Eq. 

5.9 can be used to find the minimum amount of reinforcement 

in a prestressed concrete flexural member. 

Fig. 5.11 shows the ratio of M /b d vs. u. From 
u w 

this figure it can be concluded that Mu/bwd is proportional 

to u. This relationship was found to be linear with a 

slope of 90. This results in the following equation. 

v1 

or 

M = 90 u b d (5.10) 
u w 

However, it should be mentioned that the above relationship 

was obtained for this experiment. More experimental data 

are needed to justify such relationship. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

6.1. Summary 

Due to the lack of bond between the prestressing 

steel and the concrete in unbonded post-tensioned members, 

compatibility of strain between concrete and steel cannot 

be assumed. In the past three decades, several experiments 

have been performed and expressions have been proposed for 

calculating the stress in the unbonded strands at ultimate 

flexural failure. All of these expressions were obtained 

from experiments with constant shear span (a). This has 

resulted in exclusion of (a) from those expressions. 

The primary objective of this experiment was to 

show that Af is influenced by the b/t ratio in addition to 
s 

the material properties and the i/d ratio, which are 

included in the existing expressions. 

Eight post-tensioned rectangular beams with 

unbonded tendons and a minimum amount of reinforcement were 

built and tested for this study. The primary variables of 

the experiment consisted of the shear span, the size of the 

specimen and the effective prestressing force. 

All beams were tested under a displacement control 

mode with an MTS hydraulic actuator. 

114 
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Six out of eight specimens failed in flexure. 

Because of some experimental problem, Specimen #4 did not 

fail and Specimen #8 failed with a combined flexural-shear 

failure mode. 

Even though the specimens were lightly reinforced 

and contained a considerably low amount of reinforcement 

with reinforcing indices ranging from 0.052 to 0.071, the 

overall flexural behavior of the specimens was found to be 

fairly satisfactory. Cracking moments of specimens ranged 

from 410 (k-in) to 828 (k-in) and ultimate moment 

capacities ranged from 990 (k-in) to 1439 (k-in). The 

behavior of the specimens is discussed in detail in 

Chapters 4 and 5. 

6.2. Conclusions 

The following conclusions are drawn from the 

results of this experiment. 

1) Af_> the increase in prestressing steel above the 
s 

effective prestressing stress (fp£)> was found to be 

influenced by the ratio of b/i in addition to the 

material properties and */d, which are included in the 

existing equations. 

2) Equation 18-4 of the AC1 code was found to be unconser-

vative for minimally reinforced beams. Within the 

limitations of this experiment, a modification factor, 

(A), which includes the effect of b/I, was found and 
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applied to the original equation. The values obtained 

from the modified equation were found to be in very 

good agreement with the test results. 

3) The value of * in Tam and Pannell's equation (Eq. 5.4) 

was found to be changing with the b/<- ratio rather than 

being a constant value as was proposed by Tam and 

Panne11. It was also concluded that the magnitude of * 

was dependent on the amount of steel reinforcement in 

the specimens. Based on the results of this 

experiment, a linear equation for * was obtained and 

defined in Chapter 5. By applying this new value of * 

to Equation 5.4 and using the modified equation of Tam 

and Panne11 (Eq. 5.7), the value of Af for this 
s 

experiment could be predicted accurately. 

4) Af was found to be independent of the effective pre-s 

stressing force (p0). 

5) Equation (5.9) can be used to find the minimum amount 

of reinforcement in a prestressed concrete beam in 

terms of reinforcement index u. 

Mu 
6) —— was found to be proportional to reinforcing 

V5 

M 
index, u. The ratio was found to be equal to 90. 
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6.3. Recommendations for Further Research 

The results of this experiment have answered many 

questions with regards to the additional stress due to 

externally applied loads in unbonded post-tensioned 

concrete beams with minimum amount of flexural reinforce­

ment. Some modification factors have been recommended. 

However, additional experiments are needed before generali­

zation of these modification factors and before their 

inclusion in the existing codes can be justified. 

All the specimens that were tested were lightly 

reinforced beams, with a maximum value of reinforcing 

index, u, of only 0.071. Additional specimens with u> 

ranging from 0.1 to 0.3 with the same ratio of b/t should 

be tested. Modification factors for these specimens should 

be obtained and compared to those obtained from the current 

study. 



APPENDIX A 

DERIVATION OF w 

Using equation of equilibrium and summing the 

forces in the section equal to zero, the following equation 

can be obtained. 

0.85 f' b„ = A f + A f - A' f' (A.l) 
c w l  p s p s  s y  s s  

Dividing both sides of Equation (A.l) by bwdf'c it becomes: 

0 - 8 5  .  V  f p s  +  A s  f y  -  f ' s  ( A  2 )  

d b df" 
w c 

u = u + u - &>• (A. 3) 

where 

„ = APS FPS , „ = Ag fy , = A' t
s  f  5 

P f' bd ' f' b d ' f' b d 
c w c w c w 

Let u = v• a) 

A's f,s and v = —— • —— 
A f 
s y 

f' e 
From the results of this experiment value of —— found to 

y 

118 
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be equal to A. This ratio can be obtained for any cross 

section by strain compatibility equations. 

or 

5 = V £ps + A
t
s fy (i-v) 

f' bd f' b d 
c w c w 

A f = «f' b d - A f (1-v) 
ps ps c w s y 

(A.4) 

Substituting Eq. A.3 into Eq. A.2: 

0.85 »,C 
= 5 or e,C = — 

1 0.85^ 
(A.5) 

Writing equation for nominal moment capacity of cross 

section as follows: 

M = A f 
n ps ps 

PlC 

~2~ 
+ A f 

s s 

eic 

~2~ 

- A '  f '  
s s '• - ¥1 

(A. 6) 

and cracking moment for a rectangular cross section as: 

M = P 
cr e [?+'.] + 1.25 b h /f 

w 
(A. 7 ) 

Substituting Eqs. A.4 and A.5 in Eq. A.6 and setting that 

equal to Eq. A.7. Solving the quadratic equation for u 

<»eq * 0.85(1 + /TRT ) (A.8) 
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where 

u = 
0.85 f'bd' 

c w 

As fs ["v(d"d's) + ds-d] 

Pe (d-|) + 1.25 bwh* 



APPENDIX B 

LIST OF NOTATION 

shear span, distance between concentrated load and 
face of support, in. 

area of that part of the cross section between 
flexural tension face and the center of gravity of 
cross section, sq.in. 

cross area of section, sq.in. 

area of prestressed reinforcement in tension zone, 
sq.in. 

area of nonprestressed steel in tension zone, sq.in. 

area of compression reinforcement, sq.in. 

length of constant moment region, in. 

width of compression face of member, in. 

distance from extreme compression fiber to neutral 
axis, in. 

distance from extreme compression fiber to centroid 
of prestressed reinforcement, in. 

distance from extreme compression fiber to centroid 
of nonprestressed reinforcement, in. 

distance from extreme compression fiber to centroid 
of compression steel, in. 

distance from centroid of prestressing steel to the 
center of gravity of cross section, in. 

modulus of elasticity of reinforcement, psi. 

specified compressive strength of concrete, psi. 

stress in prestressed reinforcement at nominal 
strength, psi. 
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f specified tensile strength of prestressing tendon, 
pu psi. 

f specified yield strength of prestressing tendon, psi. 

f' stress in compression reinforcement, psi. 
s 

fpe effective stress in prestressed reinforcement, psi. 

f specified yield strength of nonprestressed reinforce-
y ment, psi. 

h overall height of member, in. 

I moment of inertia of section, in . 

£ span length of member, in. 

L length of prestressing tendon from anchorage to 
anchorage, in. 

Mcr cracking moment of concrete, k-in. 

nominal moment strength, k-in. 

M ultimate moment of section, k-in. 
ult ' 

Pg effective prestressing force, lb. 

r radius of gyration of cross section, in. 

V shear force, lbs. 

a factor given by ACI code. 

Ac additional strain in prestressing steel due to 
externally applied loads 

Af additional stress in prestressing steel due to 
s externally applied loads. 

p ratio of nonprestressed tension reinforcement 

- A / b d  
s w 

p* ratio of compression reinforcement 

- AW 

p ratio of prestressed reinforcement 
P 

• A /b d 
ps' w 
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strength reduction factor 

(plastic hinge length)/c 

f 
p 

c 

f • 

''-r 
1 

f 
p -E2. 
p fc 

<!)„ + 0) - (0 ' 
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