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1. INTRODUCTION 

, .. -·.-... 

, 

1.1 Background 
.. 

In spite of the rapid progress in the .development of pre

stressed concrete ~s an important structural system, the estimation of 

prestress losses has remained a sensitive problem without a satisfactory 

answer. Various design specifications have included widely different 

provisions. Some may include tables and equations, while others specify 

a single member for rough approximation of these losses. However, at 

the present time, neither of chese specifications has contributed an 

accurate method for estimating the prestress losses caused by many 

post-tensioned members. 

-

In the past~several years, an extensive study entitled 

"Prestress Losses in Pretensioned Concrete Structural Members" (Lehigh 

University Project No. 339), was conducted in Fritz Engineering 

Laboratory, Department of Civil Engineering, Lehigh University. The 

main purposes of this project were to develop a rational method for the 

prediction of the prestress losses for the pretensioned concrete members 

and to establish a practical method for this estimation. In this study, 

stress-strain-time relationships for concrete and steel materials were 

developed experimentally, and a method for the complete analysis of 

stress and strain conditions in pretensioned members was developed based 

on these relationships. Several computer programs were written:to carry 

• 
.. 
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.. 

out the calculations as required, and to determine the prestress losses 

at various times during the service life Qf the member. 

It is felt that w~th appropriate changes to- accomuiodate ·the 

time sequence of post-tensioning fabrication and the strain relation

ships, the same basic principles used in. the above-mentioned project 

could also be applied to post-tensioned systems. 

1.2 Purpose )'. 

The main purpose of this th·esis · work is to develop the predic

tion procedure for the prestress lo~ses in post-tensioned members, based 

on the experimental results and basic principles used in Lehigh 
. -

University Project No. 339. In addition it is also intended to revise . . ' I 

• 
the computer program developed therein so that it can be applied to 

both pretensioned and post-tensioned members • 
• 

1. 3 Review of Prob·lem 

As mentioned in Sectio·n 1-.1, an accurate method for the esti

mation of the prestress losses in post-tensioned members is not cur-
. 

!ently available in the codes or specification. In the Bureau of Public 

Roads Criteria8 of 1954, prestress losses in post-tens-ioned members is· 
"' 

estimated by the following formula: 
, 

... 

~f-s = 3000 + 11 f + 0.04 f cs ·si 
..... 

j 

\ ·: ... 

,. 

-2-
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where: 

- . . . .- -·--· ----~ . 
' 

• . ,! 

~fs • Loss of prestress, in psi 

f • Initial stress in concrete, at the centroid of precs 

stressing steel, in psi 

f • Initial prestress in steel, in psi si 

In the 1971 ACI Building Code 6 , various causes of prestress losses are 

listed but no guidelines are given for their estimation. The PCI 

Connnittee 7 presented a step-by-step method of estimation which includes 
-

many tables and equations and involves rather lengthy calculations. In 
,., 

contrast, the '1969 AA.SRO specification 5 'gave a single number of 

25000 psi as an acceptable approximation. ·In the most recent AASHO 
f . 

s·pecifications 9 , 1 a, the me_thod _£or .. p.redicti-ng the prestress losses in 

post-tensioned members is as follows: 

where: 

• 

Afs ~ 0.8 (SH)+ 0.5 (ES)+ CR + CR 
C _ Sp 

lfs = Total prestress·loss, excluding friction 

SH = Loss due to concrete shrinkage, estimated using the 
. following table based on the average ambient relative 

-~ -

/ humidity for the geographic area. 

-~: 

! 

Average Ambient 

Relative Hiunidity 

(percent) 

100 - 75 

75 - 25 

25 - 0 
. 

' 

-·3-

... 

. • 

SH 

(psi) 

5,000 

10,000 

15,000 
'J •• , ·•·J.1· ......... 

. • i, I ~ • 

..., 
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. . 

. . 

I 

ES • Loss due to elastic shortening of concrete~ 7 f er' 
where f c average concrete stress at the center of er 

.. 

gravity of the prestressing steel at time of release • 
.J . ' 

CRc = Loss due to creep of concrete= 16 fed' where 

fed• average concrete compressive stress at the center 

of gravity of the prestressing steel under full dead 

load. 

CR = Loss of prestress due to relaxation of post-tensioning Sp 

steel~ 20,000 - 0.125 [0.8 (SH)+ 0.5 (ES)+ CR] 
C 

The presence of. such a diversity of methods for the same purpose attests 

to the fact that no one method is fully rational and-suitable for engi-

neering application. 

In Lehigh University. ,:E>roject No. 339, a number of factors 

which influence the prestress loss were first studied, s1.1ch as concrete 

mixture, concrete stress level, concrete stress gradient, etc. Numerous 

specimens have been tested in order· to determine the .. _ ~aracteristic,s .of 

relaxation, elastic shortening, shrinkage and creep of the concrete and 

steel materials. Th-e test results were carefully ·analyzed to determine 

the characteristics of the materials. 1·~.le stress-strain-time relation

ships of the concrete and steel materials were then established. In 

order to develop the prediction formulas for the prestress loss, three 

sets of conditions, namely, time compatibility, strain compatibility and 
... equilib~ium.of stresses were applied to link the stress~strain-time 

relationships of the concrete and steel materials. In addition, the 

-4-
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' 

• 

concrete stress was assumed to vary linearly across the depth of the 

~oncrete section. These conditions were found to be sufficient to 

completely determine the stresses and the strains in concrete and 

steel for any given time. 

.. <I. 

For the- post-:tensioned members, the casting of concrete pre

e-edes the tensioning of the strands, while for the pretensioned members, 
• the tensioning of the strands is carried out first and then followed by 

' the placement of concrete. The difference in the fabrication procedures 

of these two structural systems naturally causes differences in their 

prestress loss behaviors. In this thesis, it is intended to examine 

these differ~nces, to make appropriate modifications to the procedure 

previously developed for .pretens.ioned members, and to develop procedures 
, 

for the prediction of prestress los~es, ~~· post-·tensioned concrete 

members. 

• .. 

··-:-: .. 

.. 

..... 

-. 

•. 

... .• .. •: . ' . ., 

;. : 
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2. POST-TENSIONING VS. PRETENSIONING 

I 

2.1 Differences in ·Fabrication Procedure 

As stated in the preceding chapter, it is desired to modify 

the procedures previously developed for prestress ~osses in pretensioned 

concrete members, so that they can be applied to post-tensioned members 

as well. Before pr __ oc·eeding with the derivations, it is appropriate to 

point out the differences between pretensioning' and post-tensioning. A 

brief description of these two pro~e:~$.~S is given in the following 

paragraph. 

Pretensioning refers to the stretching_ of the strands before 

the placing of ~oncrete. In this process, )he 

anchored temporarily to the prestressing bed. 

strands are first 

After concrete has been 
. placed and become hardened, the strands are released from the bed and 

the prestress is transferred to concrete. Pretensioned ·members are 
. usually fabricated in the prestressing plants where permanent prestress-

-ing facilities are provided, but they can also be fabricated in the 

field. Post-tensioning refers to the stretching of the strands after 

the placing and the hardening of concrete have been achieved. No tem--· 
porary anchorage is needed, and tensioning is done directly against 

hardened copcrete. The most important distinction between pretension

ing and post-tensioning is in the above-mentioned order of the several 

fabrication operations. This difference causes important differences 
/ 

in the prestress loss behaviors. For instance,. for the pretensioned 

member, the concrete is usu~lly stressed at an ear~ier stage than that 
' 

• , I 

-6-
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II 

' for the post-tensioned member, resulting in higher losses attributed to 

concrete strains. On the other hand, friction and anchorage losses are 
,· 

' . usually more important in post-tensioned members on account of the 

shorter tendon lengths, and higher friction .coefficients. 

.•· 

2.2 Definitions of Prestress clttd Losses 

Before the discussion of the differences in prestress losses 

is given, it is necessary to define the terms "Prestress" and "Losses" 

properly so that no n4sunderstanding will arise concerning the meaning 

of these two t:~,rms as. they appear in this thesis • 

• 

Prestress: Pres tress is defined to be the stress _introduced 

.,, in concrete or steel prior to the application of loads. At a given time 

after transfer·, the prestress is defined: as the stress remaining in the 

material if all applied loads, including the weight of the member, were 
I temporarily removed (Ref. 3). If the strands in the pretensioned member 

are straight, the prestress is constant throughout ·the length of the 

member initially, but variation gradually develops on account of con

crete creep caused by the varying. stresses caused by loads. In post-
. 

·tensioned members, the prestressing force varies along the length of the 

member because of the presence of anchorage and friction losses. In 

both cases, the prestress is different from section to section, and must 
.. .. ,,. '-

be defined with reference·to the s~cific section. 

Losses: For pretensioned members, losses of prestress are 
I evaluated with reference to the ini.tial tensioning stresses in the 

:. .• ···-··· 
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• 

steel elements as existing upon anchorage to the prestressing bed 
.. 

(Ref. 3). For post-tensioned members wherein tendons are stretched 
. 

sequentially, the "initial prestress" value is defined as the average of 
t 

the initial tensioning stress in -each tendon upon anchorage. As the 

tensioning of eac~ tendon caus·es elastic loss in each of the preceding 

tendons, the above-defined "initial pres tress" condition never really 

exists. It is chosen as the basis of reference because the steel stress 

is usually controlled ·on.ly at: the tensioning stage. Of course, for 

systems where all tendons are stretched at once, the initial condition 

defined would be the condition immediately after anchorage. Although 

the prestress is defined for each section of a post-tensioned member, it 

is customary to ,refer to the initial prestres$, at the jacking end for 

pres tress losses, so that the fricti9n and anchorage losses can be 

accounted for. This reference ·frame will be used in this study. How

ever, only the elastic, creep, shrinkage and relaxation losses will be 

considered. The inclusion of friction and anchorage losses is left fqr 

future time. 

2. 3 Components of Prestress Losses 

The different fabrication procedures used for pre- and post

tensioned members lead to significant differences in the prestress loss 

characteristics. In the following, these differences will be discussed 

with reference to each one of the several major components of prestress 

losses. 

. . . 

-8-
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Friction Loss: Loss of pres tress due to the cQnt·act friction 

between the tendon and the surrounding material. The friction loss for 
' 

both the pretensioned and the post-tensioned members occurs at the time 

of tensioning. For the pretensioned member, this loss is negligibly 
( 

\ 

small, existing only if tendons are deflected. The post-tensioned mem

ber will suffer greater loss due to the sliding of the tendon against 

.concrete over the whole length. Also, it exists whether the tendons 
. 

are straight or draped. Theory for the estimation of this loss has l:>een, 

well established and it can be exactly considered in the design (Ref .•. ·4). 

This is not time-dependent • 

. 
Anchorage Deforma.t:ion: Loss of prestress .duE! to the anchorage 

deformation. This loss ··o.ccurs:· when the tensioning :fc>'rce. of the tendon 

is transmitted from t·he jack to the anchorage system. In general, the 

post-tensioned: ~ember will suffer greater anchorage loss, since this 

loss would have to· be distributed over a .shorter length. Similarly to 
. 

frictional losses, this .loss c.an: be theoret:icall.y determined ~d it is 

not ~!me-dependent :(.Re:·f •. 4.) ..•. 

Relaxation Loss: Strictly speaking, relaxation refers to the 

loss of stress in the tendon which is held at a constant strain for a 

period of time. In a real prestressed concrete member, the strain in 

steel gradually decreases on account of the creep and shrinkage of con

crete. Relaxation in the context of prestress losses is defined to re

present the loss of prestress unaccount~d for by ·the elastic response to 

strain changes. For both pretensioned and post-tensioned systems, 

• 

-9-
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.. 

relaxation loss starts from the tensioning time. However, a difference 

exists with reference to the transfer time. In pretensioned systems, a 

part of relaxation loss takes place before transfer under a pure relaxa

tion condition. In post-tensioned syst:ems, transfer takes place at ten

sioning time, hence there is no pre-transfer relaxation. 

Shrinkage Loss_: The l.oss o·£ pr.es.tress due to shrinkage of 

concrete. This is cau_sed ·by the loss of moisture content from concrete 

on account of the envi-ronmental factors such as high temperature, low 

rel~tive hu:tnidity, etc. The shrinkage of concrete starts as soon as th·e 

curing· stops, whether pretensioning or post-tensioning is involved. 
-

However, an important difference exists between the losses caused by 

shrinkage in these· two types of structural systems. In pretensio11~d 

members, all shrinkage of concrete causes loss o .. f pres tress. In con

trast, in a post-tensioned system, the ·shrinkage of concrete occurring 

before stretching causes no loss of prestress. Consequently, while the 

same time function for shrinkage strain can be used for post-tensioned 
' as for pretensioned syst-ems, the shrinkage · occurring before the post-

tensioning must be deducted for the p\lrpose of- -~·stimating prestress 

losses. 

Elastic Shortening Loss: The loss of pres tress due to the 

elastic shortening of concrete takes place at the time of transfer. In 
. pretensioned members, concrete is bonded to tensioned steel before trans-

, 

fer and the elastic shortening in concrete at transfer always causes a 

loss in prestress. For post-tensioned members, the concrete shortens· as 

-10-
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. . 
the tendons are being stretched. If the member has only one single 

tendon or if all tendons are stretched simultaneously, no loss in pre-
I 

stress due to elastic shortening will occur because the force in the 

tendon is measured after the elastic shortening of the concrete has 

taken place. However, if there is more than one tendon in the member 

and they are stressed in sequence .. , the loss of prestress due to elastic 

shortening will be different for each tendon. The first teJ)don will 

-suffer the largest amount of los's due to the shortening of concrete by 
/ 

the subsequent app:lication of prestress from all other tendons. The 

last one will suffer no a;oss since all tha·t: :shortening will .h,ave t,aken 

place before it is measu~e·cl (Re·f.. ·4.) .. Ins·tead of. calculatin,g the 

elastic loss for each :ee.n.don S:ep.a·rate,ly, a reasonable approxtmati·on: ha~ 

been made in this thesf·s. (s:ee. s··ect:Lon 3.2.2_) •. 
r· 

; 

Creep Lo.ss :·· Loss of -pre-s.-t/re:s·_a due ·to the. cli.ange of the strain 
,, 

in concrete under constant stress. The oc.cu:rr·ertce o:.f· ·the creep loss for 

both the pretensioned and the post--tens.i,one'd members are in the same 

time period, namely, after the transfer of pres tress, and the same' 

expressions will be used. Similar to relaxation, the actual condition 

in prestr~ssed concrete is not that of a constant strain, and the creep 

strain is interpreted broadly to mean the concrete strain not directly 

reflected by elastic response to stress, nor by shrinkage. 

,. 

'•'"'-

.. 

·..:. 

·:-,. ·--:: . 
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3. DERIVATION OF PROCEDURE 

~ 

' 

3.1 Procedure for Pretensioned Systems 

.. 

. 
A brief summary of the derivation of the procedures for the 

prediction of the prestress losses in pretensioned members, as devel

oped in Lehigh University Project No. 339, will be given in this 

section 1 , 3 • 

I 
'"' I 

... 

lhe stress-strain-time relationships of the steel and concrete 

materials, as derived from the experimental data, are as follows: 

f = f {A + A S + A S2 
s pu 1 2 s 3 s 

- [B + B log (t + 1) J S - [B + B log (t + 1) J S2 } 
1 2 S - S 3 4 S S 

~ 

S =Cf +[D +D log (t ·+l)] 
C 1 C 1 2 C 

where: 

+{[E +E log(t +l)]+f [E +-E log(t +l)]} 
1 2 C C 3 :,it C 

f = Steel stress, in kS'i s 

f = Specified ultimate tensile f ::rength of steel, in ksi pu 

S = Steei st rain, in 10-2 in. /in. s 

{3-1) 

A ,A ,A 
1 2 3 

,., = Regression coefficients of stress-strain curve of steel 

B ,B ,B ,B 
1 2. 3 It 

= Regression coefficients of relaxation of steel 
" 

t 8 = Steel time, starting from initial tensioning, in days 

S = Concrete strain, in 10-2 in~ /·in.· 
C 

f -= Concrete stress,. in ksi 
C 

-12-
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... 
C • 100/E, coefficie~t for concrete strain due to elastic 

1 - C -· 

shortening • J 

, 
• 

.\ D ,D • Regression coefficients .fo:r- concrete strain due to 
1 2 

shrinkage 

E ,E ,E ,E = Regression coefficients for ·.concrete strain due to creep 
1 2 3 4 

t -= Concrete time, starting fr.om. the time of transfer, taken 
C 

as the same as the end- o.f: :curing period, in days 

Tables 1 and 2. show :the experlmental values of regres0s.-ion 
:•. 
·• J • 

·coef·fi.cients .. A.'s, :B"s, Cl,, D·'·s .and E's, respectively. 

··For the linlca_gf? ·c,f the stress-strain-~ime: $-u:rface.s o·f the: 

concrete and steel mat·e,rials:, ·the following three :set·S_: o:f conq.itiQn..s:: 

were used: 

(1) Tim~ -~:omp.:afibility: 

(2) Strain compatibility, at· t;t1e lpcatf-on of :.e·ach ,p·re·str.essing 

strand 

. 
s +s =·k· 

S C . 2 

' 

(3) Equilibrium conditions 

/f dA - Ef a 
C C · S ps 

= p 

.. /f xdA - Ef xa · =. -M 
C C S ps 

. , , 

••• 

-13-
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where: k • Time interval from tensioning of steel to transfer of 1 

prestress, in days (this includes the time for form .. 

setting, casting, and curing) 

k • Initial tension.ing strain in steel, in 10-2 fn. /in. 2 

A. = Area of net concrete section, in in. 2 
C 

a a: Area of individual pre~tress'ing elements, in in·~. 2: ps 

x = Distance to elementary are·a .from the centroidal 

horizontal axis· t>-f A , in in • . ·c· 

·p = Applied axia-1 lo·aa on section, in .kips 

M Applied bending moment on. £re·ction_, in kip-in. 

.5. 

The sign conventions .f:o·r: ~h~ po·s:t.tive directions of :P, M, and 

x are shown in Fig. 1. ·All o:f the parameters used in Eqs. 3-3 to 3-6 

are either known quant·.1·tfes or can be specified in the design. For 

Eqs. 3-5 and 3-6, the integrations are over the entire net concrete 

area, and the s11mmations are over all pretensioning· elements. In 

addition to the linking conditions (3-3) to (3~6), ·an _assumption was 

made that the concre~e stress varies linearly across the depth of the 

concrete section, 

., f·=g +gx 
C 1 · 2 

(3-7) 

I 

·In order to facilitate further derivation, a group of para-

meters are introduced for Eqs. 3-1 and·. 3-2, respectively. 

( 

··, 

• -14-
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.. -~-P • A f 
1 1 pu 

P • [A - B -~ B log (t
8 

·+ 1)] f 2 2 1 -2 pu 
j 

P • [A - B • B log (t + 1)] f 3 3 3 4 s pu 

. 
Ql -= D + E + {D + E) log (tc + 1) 

1 1 2 2 

:Q = C +: E + E log ( t + 1). . 
. 2: l 3: It C . 

Then f = p + p s + p s·.2 (3-8) s 1 2 s ··. a." :S: 

.J 

s = QI + Q2 f (3-9) •' C·: C .. 

Substituting Eq. 3-9· into Eq. 3-4 

S. = k Q Q f s· 2 - ~ - 2 ~S. (3-10) 

Substituting Eq. 3-10 into Eq. 3-~s· 

-
f = p + p (k - Q -· Q·· f.· ·. \. +. P .(._k -~- .Q·._·.. _, ·Q··. f" '·)·_: 2, s 1 2 2 -i _._2· ·cs·' . ·3 · 2 1 · · · 2.· <cs· 

= R + R f + R .f ,Z ( 3-11) 1 2 cs -3: c_s 

where: R = P + P' (k - Q_ .) :+ P (k - Q .)-2 (3-12) l 1 2 2 l 3 2 1 

R = -Q [P + 2P (k
2 

___ - Q
1
)] 

2 · 2 2 3 
(3-13) 

R = p Q2 (3-14) 3 3 2 

,.-_ 
• 

-15-
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Combining Eqs. 3-5, 3-6, 3-7, and 3-11, the following two simultaneous 

quadratic equations can be derived: 

where: . 

U +Ug +Ug + u g2 
1 2 1 3 2 It 1 

V + V g + V g + V g2 
1 2 1 3 2 4 1 

\ 

u =RA +P 
1 1 ps 

·u = (R + 1) A - A 
2 2 ps g 

U = (R + 1) 1:xa 
3 2 ps 

u = .. RA 
3 ps 

U = 2R 1:xa s · 3 · ps 

,. 

+ Usg1g2 + u g2 ID 0 
6 2 

+ V g g + V g2 - 0 
5 1 2 6 2 

~ 

V ID R rxa - M 
1 1 ps 

V = (R + 1) Exa . = U 
2 2 ps 3 

V = (R + 1) Ex2 a - I 
3 2 ps g 

V = R 1:xa 
1t 3 ps 

1 =-U 
2 5 

V = 2R 1:x2 a = 2U s 3 ps 6 

V = R Ex3a . 
6 3 ps 

(3-15) 

For a given pretensioned member, the parameters U and V are determinable 
' 

for any assigned time t , and g , g can be solved from Eq. 3-15. In .c 1 2 _ 

this manner, concrete stress distribution is completely determined. 

It has been found that neglecting the spread of steel in the 

section causes only negligible errors in the total steel force (A f ). ps s 
' 

Therefore, for practicality and simplicity, prestressing steel is 

assumed to be concentrated at ~ne point, the c.g.s. (Ref. 3). With 
a 

this simplification, Eqs. 3-15 can be reduced to a single quadratic 

equation, as follows: 
' .. 

(R - Sf' ) + (R - 8 + 1) f +.R £2 = 0 
q 1 cR, 2 . cs 3 cs (3-16) 
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, where: 

where: 

• 

f • Concrete fiber stress at c.g.s., i~ ksi cs 

(a g + g e ) 
1 2 g 

\., 
, 

f~R, = Nominal concrete fiber· stress at :c:.-g.s. caused by 

applied loads 

p Me 
= - -+ g 

A I 
.. 

(tension ttof:fft·ive) 
g g 

I 
$ = A dimensionless geometrical paramet~r 

l A I 
~=---------=----8....-S~-~ 

A ps 

e2 
1 + g_ 
A I g g 

.A (I . +· A. e:2 ) 
·p~ g g: :g. 

. . 

A = · Area of gros:s· ·.cr9ss se.c;t.ion, in sq. in. g 

I = Moment of inerti.a c:,-f gross cross section),_ in in. 4 
g 

I 

e ,= Eccentricity o:_f prestress with refer~µ.ce to gro.s.s :.c:t~os:s g 

section, in in. 

A · = Total area of: p:re·s.·:t,res.si.ng s·t:ee:J~-~ in sq. in. ps 

The steel stress at ·any arbitrary tim.¢: can. be obtained by 

adding Eqs. 3-16 and 3-11 together. 

£ = ca - 1) £ + a t' · 
s cs cR, (3-17) 

Further details of the development of the stress-strain-time 

relatio1'ships of the concrete and steel materials and the derivation of 

·-
~ 

. 
.. 

' -17-
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the procedures for the prediction forniulas can be fotmd in Fritz 

Engineering Laboratory Reports No. 339.6 2 , 339.7 1 and 339.9 3 • 

The basic procedures for the calculation of prestress losses 

in pretensioned members can be summarized as follows: 

(1) Material, geome·t::cy .and fabrication parameters are known 

or specified for the problem. (These !nclude the steel 

and concrete materials, S, f' 1 , k and k .) 
. C 1 2 

(2) 

(3) 

(4) 

(5) 

Compute R , R and .R. for arbitrary time t with the applica-1 2 3 . C 

tion of Eqs. 3-12·-, .3-13 and 3-14. 

Sol~e Eq. 3-16 for f -~ 
·c~ 

Compute the steel stre:ss f 'by Eq. 3-17. 
~ . 

..... 
With Eqs. 3-2 and 3-4, concre-_t::e,. and steel -·~tr-~tns:,: S and S , 

C S 

can be determined. 

To facilitate further discussion and the understanding of the 

computer program "PRELOC", which performs the above calculating proce-
r 

dures, several key stages for the life of the pretensioned member a-re: 

given as follows: 

• 
Stage 1: Initial tensioning (after anchoring to abutments)·-~ 

Stage 2: 

Stage 3: 

t = o. 
s 

Innnediately be-fore transfer, t = k • 
· S 1 

Immediately after transfe·r, t = k , t = O. 
S 1 C 

.,. 

. 

Stage 4: Immediately before application of loads, P = M ~ 0. 

-18-
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Stage 5: Immediately after application of loads, p; 0 and/or 

M ,' O. 

. 
Stage 6: End of service life, taken as 100 years after transfer, 

t • 36500. 
C 

... 

Fi.g. 3 shows the typical variation of f through the six stages. Two 
~ s 

auxiliary stress variations are also shown in this figure. The curve 

3-6* or 3*-6* refers to a totally tmloaded member, and the curve 
• 

·3**-6** represents the case where ·the external loads are applied at the 
.. 

time of transf.et.. :;s.y :the nature of the concrete and steel surfaces, 

point 5 falls qn. cµzye 3**-6**, and ·the curve 5-6 coincides with 

5-6** (Ref. 3}. .• 

~-

'·· 

.3:.2.1. Stress-Strain-Time Relat::l.onship 

The stress-strain-time rel:.eitionship of stee.1. for the post

tensioned member is: e:xaqtly the :$~me as the one use·d for the preten

sioned member, since, for both kinds of prestressed· member, relaxation 

loss will occur after the initial tensioning .of the strand, as men

tioned earlier in Chapter 2 and the steel time, t, should be con-
s 

sidered as the time starting from the initial tensioning of the strand. 

Hence, the following equation will be applied for the post-tensioned 

member: 

f = f {A +AS + A g2 • s pu 1 2 S 3 S 

- [B + B log (t + 1) 1 s ..:.. . [B +-B · log (t + 1) l g2} (3-1) 1 2 . s s 3 It . . s . s 

\ 

-19-
••. 1 •• ..:_, 

' ., .. 



.. 

·-~ 

•: 

All parameters used above and those, which will be used later in this 

chapter, will have the same meanings as those used for the pretensioned 

member unless otherwise specified. .. 
A change must be made in the stress-strain-time relationship 

of concrete with regard to the creep component of the concrete strain. 

For the pretensioned member, creep loss starts after the transfer of 

prestress, which is preceded by the fabrication of the concrete speci

men. The duration between the end of the curing period and the trans-

fer of prestress is very short. In addition, the shrinkage loss prior 

to pres tress transf.er: causes loss in pres tress (see Section 2. 3). 

Hence, the S:ame time val.tie:, ,t ,· :measured from the end of curing, was 
.C· 

used for both shrinkage and ·c:r:eeip, .• - For the post-tensioned· member, 
. 

the prestressing of concrete occurs at the time when steel is tensioned, 
. ,. 

but usually significantly later than ·the end of curing. On the other 

hand, shrinkage strain will start to develop as soon as the curing is 

stopped. Although the shrinkage of concrete _p:rior to post-tensioning 

causes no loss in prestress, it must be ip.c·lud~d .in the total concrete 

strain if the previous stress-strain-time relationship of concrete is 

to be used. Therefo.re, the following equation is used for. the stress

strain-time relationship of concrete for the .post-tensioned member: 

•· ,: 

·1_ 

\ 

S·c· = C f + [D + D log (t + 1)] 
1 C 1 2.. C 

.• 

+· {[E + E log (t + l)] + f [E + E log (t + 1)]} (3-18). 1 2 S C 3,, 4 S 

, . ......... 

~20-
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J.2.2 Lin1fd.ng Conditions 

I • ·• Three sets of conditions were used for the linkage of the 

stress-strain-time relationships of the concrete and steel materials. 

..... 

(a) Time 'compatibilitf: For the pretensioned me~_r, the steel 

time, t , starts after t.he initial tensioning of the strand s 

and the concrete time, t. , starts at the end of curing, and C 

t
8 

precedes tc as shown in Fig. 3. This is on account of tb:e 

precedenc.e of the tensioning. of the strands to. the pl.ac~ID~n.t 

of concrete. For post-tensioned members, the rever.s~. is true ... , 

as t c is started before ts, as ·shown in Fig .• 4. This: is 

·be.cause the fabrication of: th·e conc.re.te specimen precedes the 

tensioning of the st rands • ·T.here·£:;o.r-e, the time comp a tib ili ty 

condition for post-tension~ci ·me·tnbers. is 

t - t· :=:: k · c· · s 3 (3-19) 
... 

where: k · ·= Time interval from the end of curing per.iod 
.3 

to post-tensioning,. in days 
. ., 

(b) Strain compatibility: .Fo;r the pretensioned member, there is 

no concrete strain a.11d· concr.ete stress prior to the transfer 

of prestress because the tension in steel strands is resisted 

by the prestressing bed. And as the concrete is hardened 

around tensioned steel, the strain compatibility is maintained 

from the time before transfer, resulting in Eq. 3-4. For 
.. 

pos~-tensioned members, the materials are not bonded -together 

.. 

-21-
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until the post-tensioning has been completed, and the compati

bility of strains also is not in effect until this time. In 
.. 

consequence, the shrinkage strain .occurring before post-
• .. 

tensioning must be considered in this linking condition. In 

addition, during the process of tensioning, the tendon is 

jacked against the co1:i-cI"e·te. and in some cases, the tendons are 

jacked in sequence. A.s concrete shorten:s simultaneously as 

steel is being stretched, the concrete strain due tQ elastic 

shortening of conctet:.e should also be taken into account. 

The following· equation of strain compatibility is used for 

the' pos t-tens-ioned member·: 

s +s =·k.-
s C 4 

(3-20) 

where: k = :s·um o·f concrete an-d· steel strains at c •. g.s .• .. 
immediately after: po·s·t--tensioning, 

in 10-2 in .. /in. 

- D + D log (It: +. i) + 'k +. (1 a) C f - . . ,_ -
C3 1 2 3 2 1 

f = Concrete prestress ·at c .• g. s. immediately after 
C3 

post-tensioning, in ksi, to be calculated by a 

step-by-step procedure. described on pp. 23 and 24. 

k = Initial tensioning strain in steel at the end of 
2 

the member after friction loss and anchorage 

loss have been considered, in 10-2 in./in. 

-22-
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Seel 
a= ___ a_vg_ 

C f 
1 C3 

= Fraction reflecting the elasti_c shortening loss 

of prestress 

= 1 if pretensioned member 

1 .· ·. = 0 .._ 2 if post-ten.s:ioned is do11e :l.n _a single stage 

.scel = Average elastic. sh.ortening of pre·stressing steel ·avg 

due to the sequen:tial stretching of strands 

1· In this thesis, ·a,_,_= 2 w-ill be used. for· the )estimation of 
the elasti·c loss due to the se·quential st-re.tchJ.ng of strands. 

The step-by-step procedure. for calculating f is des- _ 
. : · C3 

scribed as· follows: At each stage of the. sequent·ial. str_et.cb--

ing of strands t the tens.:ioni11g of strands b_e.ing stretched is 

resisted. by the net concrete section combined· with all the-

st rands already· anchored during pre·ceding stages. ·Hence: 

where: 

f ( . ) = Ns ( 1· ) C3 .. 1 
.a f 

ps S2 

e2 
_l_ + t(i) 

At(i) 1t(i) 

Ns.(i) = The numbe_r of strands be-ing stretched at the 

.th 
1 stage 

£
62 

= f 81 = Steel stress immediately after anchorage, 

• in ksi 

At(i) = Area of the i th transformed cross section, 

including the area of the net concrete 

-23-
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sectiop an.d the are·a of the. strands anchored 

during all previous· steps {up to the (i-1) th}, 

in sq. in.~ 
• 

et(i) = Ecc~tricity of lteel from centroid of the ith 

transforme.d cross. section, in inches 

It(i) = Moment qf inertia of the 1th tranaformed 

Therefore: 

i. i i•" 4 cross s~ct_on, n n. 

·N 
f = t N . a f 
, C·3 i_=l ~-(1) ps S2 

e2 . 
. 1 · +. ... t (i) 

At (i) . 1.t (i) 

• 

(c.). Equilibriu~ conditions: The equilibrium -equations fo_r -the 

· post-tensi"o.ned -"tnember are the same as those f:or the pre-

tensioned m~mber: 

/f dA - Ef a = P 
C C S ps (3-5)· 

ff xdA. I:f xa 
·c c s ps = -M (3-6) 

The sign conventions for ~, M:, and x· are also the s,ame as 

those adopte.d for pretensione.d memb·e-rs. 

(d) Linear stress distribution: As for p.retens·iont~d members, the 

as~umption was made that the concre_t·e stress ·v.aries linearly 

across the depth. of the concrete section. 

f = g + gx 
C l_ 2 • 

(3-7) 

\ 

.• 
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3.~.·3 Basic Procedure .. 

Eqs. 3-1, 3-18, 3-19\ 3..:20, 3-5; J....;6. an-cl 3-7 will -now be 

combined to form the basic relationship for the .ana·lysis of :a post-

tension·ed member. 
•. 

Substituting Eq. 3-7 into Eq.s. 3-5 at),ci 3-6 ahd perfo.rmin·g ·the 

i.ntegra tions 

A- g - E :( f + £: } a g l · S 'CS ··ps. 
-- :p (3--Sa) 

I g - r (f + f· . ) x a = -}i g 2 · s .cs s ps (3-6a) 

whe.re: x = ·x dista.1.tce for an individual prest.ressi11:g :_el~ment, in in. s 

Eq. 3- 7 can be written as. fo_l.l·ows: 

f = g -+ _g -X 
CS· 1 2 S (3-7~) 

·rn .or-der to avoid Ieng.thy- mathematical e~pre·ssJons in the derivations, 
. 

a' group of parameters: are introduced :in ·Eqs.~ 3--.l and·. :3·-18. The 

parameters P , P. and P ar·e e·xa·ct.ly the. saine as those us:ed for p-r~--1 2 3 

tensioned .members (Eq. ·3~8) • The _patatnet.ers Q. a11;d Q a.re ·redefined: 
· 1 :2 

Q = D + E + D log (t . + I) +- E log (t + 1) l 1 1 2 C · . 2. S, . 

Q = C + E + E log (t. + 1) 
2 l 3· 4 S 

The ref ore: f = ·p_c + ·p S + P S2 
S l 2 S: 3 S (3-8) 

s =Q +Qf. 
C 1 2 C (3-21) 

• 

, .. 

,. 

I 
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Substituting Eq. 3-?1 into Eq. 3-20 

·, ... 
S s: k - Ql - Q f (3-22). S 4 2 cs 

• 
Substituting ,Eq. 3-22 into Eq. 3-8 

f = p + P (k - Q - Q f ) + P {k - Q - Q f ) 2 
S 1 2 4 1 2 cs 3 4 1 2 cs 

= R + R f + R £2 
1 2 cs 3 cs (3-23) 

/ 
where: R = P + P r (k . - Q ) + p (k - Q ) 2 

1 1 2 4· · 1 3 4 1 
(3-24) 

R = -Q [P + 2P (k - Q ) ] 
2 2 2 3 4 1 

(3-25) 

R = P Q2 
(3-26) 3 3 2 

It should be not·ed that the pa·rameters R .,. R and R in Eq~. 3-23 are 
l 2 3 

.. different· ~rom those used in Eq. 3-11. 

·As mentioned earlier ·in ·section 3.1, the pres:tressing steel 

can be assumed to be concen-.tr.ated ~t- one point, th~- c.g •. s. (Ref. 3). 

Therefore Eqs •. 3-5a· and 3-6a can. be written as follows: 

A g - (f + f: ) A :: P g 1 ·s cs: ps (-3~5b) 

I g - (f + f ) e A = -M g 2 s cs g ps (3-6b) 

Also f =g +ge 
cs; 1 2 g (3-7b) 

Substituting Eq. 3-7b 1nto 3-23 

f -= R + R (g . + g e ) + R (g + g e ) 2 
S 1 2 1 28 3 1 28 

(3-27) 

-26-
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Substituting Eqs .. 3-7b and 3~2-7 into Eqs. 3-Sb and 3-·6b 

, 
, ... 

A ggl - [R + (R + 1) (g + g e. ) + R (g + ·g e )2] A -- p (3-2"8) -1 .2 1 2 g 3 l 2 g ps 

I g - [R + (R + 1) (g + g .e. ) ·+ R (g + g e ) 2 ] A e = -M (3-29) 
g 2 1 2 1 2 g 3 1 2 g ps g 

Multiply Eq •. 3-2·8 ·by e and subtracting Eq. 3-29, the following equa-. . ' . g 0 

tion can be ob tairted·:. 

! 
I 

(Pe + M). - (A ·e ) :g + I .. g = 0 
g g: g 1 g 2 

A e Pe + M 

g2 - g 8 
gl - g - I I 

g g 

Substituting Eq,. 3~30 into :Eq. 3-28, th.e .f:allowin.g equat.ion c-an be 

obtained 

where: 
' I 

W +- W g_ +·W.g2 ··= 0 
l 2 1 3 1 

W = R A + P - (R + 1) A e 
1 · 1 ps 2 · p·s g_ 

w - (R -
2 2 

w - RA -
3 3 ps 

+ 1) A 
ps 

A2e4 

-11 

+RA e 2 

3 ps. g 

" - 2R A e 
3 p·s 

-~ 

• .. 

A e2 

g 

g g + 2 g g + 1 
12 I g I g 

~21-

Pe 

Pe + M . g 

I 
g . 

Pe + M 2 

g 

g 
I 

I 
g 

+M 

g 

' 

·(3-30.) 

(3-31) 
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With Eqs. 3-30 and 3-31, the cons·tants g and g ·can be solved. The 
1 2 

concrete st_resses and strains can be calculated by using Eqs. 3-7 and 

3-21. Steel stress is computed by using Eq. 3-23. 

Alternatively, concrete stress at centrol,d of steel, f , can cs 
be determined directly without first solving for g 

1 
and g • 

2 
Multiply 

Eq. 3-28 by I , Eq. 3-29 by (A e ) , add these two equations and sqbsti-g g g 

tute Eq. 3-7b. 
I 

I 

A I f - [R· + (R. + 1) f + R f··2 . ] (:r ·+ A e 2 ) A = PI - MA e _g g cs 1 2 cs 3 c.s. ··· · g g g ps g g g 

1 
e2 

p Me 
f [R +· (R + 1) f + R f2] + ---8. A g (3-32} - - - - . -:cs l 2 cs. 3. cs A I ps A I g g g: g 

I 

Introducing the same p~rame.te.rs S and ·f~l. as ·those for pretensioned 

member~, then Eq. 3-·32 becomes 

· ( R - Sf' n ) + (R - ,t3 + .1) . f 
1 CN 2 CS 

. . . 2· + R f 
3 cs 

== a 

After solving fo.r f 
8 

f·rom Eq. ·3-3·2a,. steel st·r~~s .. can be easily ca:1~ - C 

culated by using Eq. 3-23. :Concrete str~s~es at other locations,. it 

desired, can then be ca·lcui.ated by f?imple eq·ui.librium. In the computer 

subroutine PRED1 (see :Ch·apt.er· 4), ·th·e more direct a.l,gor·ithm. of solving 

for g
1 

and g
2 

was used. 

Neglecting the third term of Eq. 3-32a s:ince it is :generally 

several orders of magn~tud.e :smaller than the othe.r two· terms: 

' 

" 

.., 

; 
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CR - at' >+CR - a+ 1> f ~ o 
1 ci 2 cs 

f 
cs 

R - '3£' 
. 1 ci I:,, _______ _ 

8 ~ R - 1 
2 

0 

(3-33) 

0 

.Adding Eq. 3~32a wit·h Eq:. 3-23 

_f = (B - 1) f + Sf' 
s cs ci (3-34) 

The basic .prqcedures for the calculatic;,n of pre.stress losses 

in post-tensioned members are essentially :the s·ame as ·tho·s:e us.ed for 

pretensioned me.mbers. They .ar·e described as fo·11ows ·: 

•, .. ; 

(1) Materia·1 . ., geometry and' fab.··ricat.io1J p~ra.meters ate known o.r 

specified for the pr·obie1n. (Th.ese incl.ude the stee.1 and-

concrete inateri·als., JI, .. ·fc' n, k and k .-) 
N 2 3_ 

(2) Calc.ulate f . ·(see se.ctio11 3·. ·2. 2.) and k • 
' C_3 4 

(3) For any specified ti·me ,. calcul·at~ P , P , P , Q and Q • 'Then, 
l ·2 3- l 2 

(4) 

(5) 

R , R an:d R ·are: cal·culated. f_r·Qijl Eqs. ·3 .... 24, 3-25 and 3-26. 
1 2 3 

Solve Eq_. 3-32a for f •. 
cs 

Compute the ste-el ·st.res·s f with the ap_pl:Lca_t.ton of Eq. 3·-34. 
s 

' 
... 

(6) With Eqs. 3-18. or .3-,2.1. ,and 3-20, determ.i11e concrete and .steel 

strains,: Sc- and :S
8

• ..._. 
} 
J 

Computer program '~PRELOSS" is writ ten to carry out these· claculations. 

Its details are given in the next chapter. 

'~ 
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In order to facilitate further discussion, several key stages 

of a post-tensioned memoer are identified as follows: 

Stage 1: The beginning of the fabrication of concrete specimen, 

t = o. 
C 

Stage 2: Fictitious stage for the _initial tenSicinfng of each 

stran.d, t· . C 
= k 

' 3 
t = 0 S = k S = o. S . ' S ,2·' C 

.. 

St-age .3: Immec;lia.tely after completion of post-tensioning., 
• 

t = k ·. t = 0, S + s. = k ... ', C ·3·' S S C 4. 

Stage 4: ·· Immediate.,t:y be.fore applicat:ion. 9f loads, P = .M = 0. 

Stage 5: llillllediately aft.er .appl.ication of l:oads, P :} 0 and/ or 

M :r 0. , · 

.Stage 6: End of service lif.e~ ·t·aketi as 100 years· afte.r post-

The typic.al· v·ariat:ion of steel stress tl:ir.ough th.ese s.ix. stages- is shown 

in Fig. 4. The ,curves 3-6* or 3*-6*. a·nd 3**-6** are d~fin~-d with the 

same meanings as. those for pretensi.01ted· members. 

Comp·aring. ·the st.eel stress varia:tions for pretensioned and 
'· 

post-tensioned niem11ers (Figs.:. 3. and 4), a fundamental difference 

between the s:econd stages s·hould be note.cl. In pretensioned members, 

stage 2 is real and exists just prior to tran~fer. In post-tensioned 

members, stage 2 is an imaginary one, with all tendons stretched to 

the prescribed strain k, but no strain in concrete. This situation 2 . ' 
. ', 

obviously does not occur .in post-tensioned members, but is ,used here 

only for convenilnce of fqrmulation. 

-30-
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4. PROGRAM "PRELOSS" 

I 

In order to facilitate the calculattons of the prestress 

losses, with the application of the predi_ction ·formulas developed for 

post-tensioned members .. (see Chapter 3) ,. the computer p-rogram "PRELOC", 

which was written for the ,calcul·ation·s of ·prestres-:s losses in preten

sioned members . only, ·was re-vised so that ·the pr.es tress losses in both 

pretensioned and post-t~nsioned m:embe.rs C::'an be computed. The revise·d 

program is named "PRELOSS:,,. 

A brief descr_iption of the main program and. of e·ach sub-

routine will be given in- the fol.lowing paragraphs. 

·Main _P·_rogram: It control's the main flow of oper~tions. 

Referring to. t·he flow c:hart i.11 :the Appendix, the inpu~ d~ta includes . I 

the stres.·s-s·train-time r.elations.h·ips :_of the steel and concr.ete mater:Lals, 

type of the strand_, ~n 1.ndex· indicating pretensioned member or post

tensionecl member, the tcrtal -number: of the strands,. the geometrical 

propertie-s of the c:ross s·ect.ion, the eccen.tricity of pres tress, the 

initial stress .(or st·rain) of the strand, t·he time interval from ten

sioning of steel to transfer of .Pr:estress for· pretensioned members or. 

that from the en·d of curing period to post-tensioning for post-tensioned 

members, the magnitude and time of applied loads (and moment), and in 

some cases, selecte.d levels where concrete -stress and strain inf orma

tion is desired. The function of this pro~·ram .. i_s t:o call the several 

' subrountines INITI, ELASHO, POINT, and ACTP.A'rH to carry out the calcu-

lations ne.eded. . ·, 

"\. 
; 

~. !·" -31-
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Subroutine INIT.I:: Called b; .. the main program, this subroutine 

' sets up the entire prob}~m. and completes information at th.e: .initial time 

(at stage 1 for pre.tet1$-i.one·d: :me-mbe·ts and stage 2 fo-r -:pos·t~tensioned mem

b,Ett·s:, :see pp. 18 an.a: 29). :F·rom. a .dc:1t~ .bank, this sub·routine selects the 

re~:t;.-e-~sion coef fi.ciet1.ts .f.o·r- ·tile- s·tr~s:s-stra;i.n-time rel·atfons·hiI>"S q{: -the: 

' 

~ -for ·c_on,·c:rete {:o,r ·steeJ_) .when prestr.es,s: 1o·ss:es, .a.r.e t9 ·be: G.()Jnpµted, t·he 

st ran.cl ptoi:le:rti.e,$.: ,~ :a11d. defines the sever a')~ l<~y :'.,s·ta.g,e~ -it1 :the. ]life· of' ·th.e: 

-memb:er· (Fi~s·._. '3 and 4).·. This sub.rQt1t~tne /als·,o · de:f:fne.s· -a ·numbe.:r;· o.f 

va-t.-fab.les. ·µ·~ed' f:ctr ou.t:ptit _p·urp·os.es -.. At:te:r ::ini,t·:talf'.zittg,-: this.· progr,am 
'.., · .. 

. t.h·e: ··1riiti.a.l. _sit'=~-1 S.:t.ress t>t s·tra·in-_, w-h:tchever is: n_o·t :given. 

Subro11:ttne SURST·.:: 'I1lt-i:_s: $t1broutiri·.e ·cou:taf;ns: the: s:tres,s•..;.;s train..;. . . . ' . - . 

. POINT. If tl1e s_tres:s is·. known., .t4:L~- ·s:ubt.o,ut·ine is: eri.tered: :af3 -e;n::t.t~y :S'.S-S. 

•. 

·1.mme.diately upon post-tensioning when th~·, tendons. are stre,t:ched~- ·.It 

·also evaluates the, p·a+:an1ete,~ k • 
. i 4: 

• 

(.', 

-. ~· 
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of time for steel and conc.tete: at eta:_c;.h lc¢_y·· st:a·ge_ :and the auxili-ary 

stages. It uses th·e sub:ro.ut·fnes PIIBJ)_I.,,. S]JllS·T ·and 0}5':RE:cs: :to :calculate the 
.. 

· stress and strtfi.n. :cond:i..ti·on·s irt_ .cpnc.r~·tf3- :a11d :_s:t:e-el at the s,everal key 

st ages of the: s.e·rvi -c:;e ,_l_i{e. :cff -the memb:e'1:··.. In. ad:d:lti:on, this s ubrou.tin~ 
/ 

also c:omputes :, ~o.r ea:clJ.· 'k.~y· ·s t:;a-ge .. as ·we.1:1 as eac;h· -aµxiliary stage, t-he 

Ic>:ss 6:f ,prestre:ss with: reference .to .. th.e- :tn-itia.l $t_ress, and the per ... 

·-. 
Subr.o.utine PREDt··: c·.~tl:~=rd: ··by .Sttb·rcfut-i·nes llQINT, AC'I;_:E>tTH a·nd_ 

:p,~rameter. g ... ,. a.n.d ev.·a.luates. ·g._. .by ·E·q.,11.. 3: .... 30 .. i . 2 
-c·ortc'ret.e ·st-r.es·,ses -an.d . - . · .. · .. •, ... 

s.trains a-t. the: t.o,p-, 'C::entro_id, ,t. g •. s:. and ·b·<;lt·tom fip,e._r:s (.lf concrete gross. 

app:lic-a·tion :p:f sJ:.r~fn ... compa·t:ibi1:L.ty -r.~,l~tionsJi:ip for .con.c.re:te and_ s·t:eet, 

·ACTPAt.H·,. it_ µse$· the g ·and g ·values obt·c1~n~d .fr.om ·:$·:u.b,t.qutine· PREb:r. and l -·~: 

calculates con:cre:te st·resses -~.d :~tra:in .. ~ :at selec't_e;d 1e·vels (4p: t;o 5: 

levels) w-i--t-h the~·: ·appli:cati'Qn ·o.:f Eq.s... 3~·1 and ,J..;9. or 3-21 • 

Subroutipe· ACT~ATFf::: . Calle·"l ·b.y tµe, main program. Referring to .. ______ -_--. 

' 
Figs. 3 and 4, this sub'to.utine .calculates. :th~- growtlt of prest·ress losses 

along ·t.be l.o:a.ding. :p,tth 3~6·:• l{ence, the pres:.tr,ess loss with reference to 
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the initial stee·1. st.-re:s-s·, percent~ges o:f· l·os,s.e·s in terms of the initial 

·steel stress :and cif t·he total loss for· the: service life of 100 years, at 

each key sta_ge ,ari·<l each pre-selecte.d .-age (up to 22 .a_ges) are calculated. 

It calls out s··Qbroutine PREDI to compute stress .and: st·rain for steel and 

concrete at each key stage: as well as ea¢h: s ta.rid·ard age:.. :S_imi:larly, 

loss of prestre·s:E,.: ·w·it.h: ri~ference to st~el s:t:.re,ss· ·fmmed.-iat:~iy after pre

sJ:ressing of con:c~:e,te·,. p~:rc~nta-ges .0£:··.losses: in te:~ ·:o:f initial steel/ 
/ 

·stress an·d o·f t:Ji.:e tota:l .lo.ss: .wi·t:h ref·erence· to. th:e steel stress imme-di..;. 

ately afte.r pr~:st:ressifi:g· ,6.f Gon·c-re-t:e a·r~ .a.:ls-o calculated. In addition, 

the Sc ..... :~:c,a :\talue.~r., ·t_hat is.:, t_h·e. cb:a.tlgfa. of concrete strain after stretch

:-fng, i·.s, :ca·Iculate·d :fo.r e-a.ch s·:e.lec·te.d .leve_:i q.f ~;og:c·re.:te: .secti.on. For the 
... 

by callin:.:g: s-ubro.utJ .. ne .ALTPATH. ·C..oncr:e.t_e stre.s.se:·s and ·.s.t~ains at the top, 

:Sub:_rou-t'.ine _·ALT.:P'.t.\tlr:: .C.a11·ed .:f.r9µi. ·:ij·ubr,q4j:·in1~: ACTPATH., .. th·is stib.;... 
·.- . ' . .. ~ ' . 

.o 

( 1) complet·ely unloaded. ·path , 3 *-6 *, an:d· (2;)· ~romp.J.e.t·e+y· log._de:.d_'. ,p-ath f··r.om 

the prestressinJ~· t.ime_, .. 3:t-t-6**· Excep't . .f:9.·r th~- Sc·. -s-.
03

. ·va:Iues: whf¢h a::re 

not calcu,lat:ed: in tb:is subroutine, ::t}1~ sam:e types of calculati:ons ·an:d: 
·.-........ 

print-outs as -mentio.ned :_in· s·ubr~outine-. ACTPATH are given in th:i·s. 

subroutine. 

' 

" 

.. 
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5. EXAMPLES 

Fot the purposes of illus tratt_q:g: the :tnefhod· d·evelope.d. in. 

Gh~p't~r :3 and: comparing it with seve~:c1l --otb.:er methods, an example ,is 

gi"ven in this. :ehapte.r, ~ith ·solutjton·s by· :tht:ee different metl)od.s,:: 

(1) PC! -~ ~ene:rl1:l -Meth·od~ (2}· .c:u-:rr.en.t AA.SRO :Me-:t.hqd a.nd (:3) th~ me.:tho.d 

• 

chapters -a·te. ,no·t rede.fined h·ere. .Any :new- ~J>t·a_tlon w·ill :be: define·d :a·t 

its first app.e.aran·ce. The s.ign conve,nt:Lon f.o_r· concrete s.-ttesses· .i_§ 

The· examp·le: prohle~ ,c.t~~l·s· with· ,an .. MS·HC) type IV I-beam· ·whic-h 

is used f:or. ;~ ·b.r.:tctg~ spap.n;ing .80: ft·.. center to CEanter. Conc.r·et·e· char·~ 
... · 

c1.s _:Ldentifi.ed :£.ram Le.hi-gh. :Re:sea:tcJ1 lti;oJe·ct No. 3:39: ... :P:re·stte,ss:i11g ·-±~ .p.y 
,. 

mean$· O.:f "t>os·t~-terisioning: th·irty-o.1Jg _7-wi.te, stress-:-relieved· 1/2 in .. 

diameter :str:and~ .of tJJe ~ 70 k :"gr-ade, with a: total s·te·el. area of 

4. 74 sq .. t1:1.!I .::r:ni.tial .te.rts .. i·ottirtg str·e·s,s· ._i·s ·;t:89 ,. 000 pffi-: a.t midspan sec

tion after all:ow·a.rtces rot fric·tion- and -~u1cnora_g:e ·10.ss:es. Six beams are 

used, at a laterc11. sp;aGing of 5 ·tt:. cen·te-r to center. The ·br'id$e has a 

7-1/2 in. ·C.as··t-in-place· co·1;1crete deck (7 in ...• -e'ffective thick.n·ess.) :- A-...... ~,. 
addit.iona1 superimposed -d.~a.d load of 30 _psf (= .150· p..Rr·f) ·is -co.nstd~red:. 

The properties of the., .c:·ro:ss section are: ' 

.. 

~· 
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For the precast girder section (see Fig. 5) 

A = 789 sq. in. g 

I = 260,730 fn. 4 
.g 

e r:::i: 20.47 in. at g 

10.23 • at = in. 

mi,dspan 

end sect.ion 

. 
For the composite section, the area, :moment o·f .inertia and 

eccentricity are: 
A = 1,029 sq_. cs 

I = 556, 789 in:·. 4 
cs 

e = 31.85 in. at midspan: . cs 

The prQpe;rties of the materials· are: 

For .concre·te (s,ame fo·.r beam and slab) 

Uni.t weight of concre t,~ = .145 :pc·f 

i) At post~tens-ion-ing. t~~e, the comp.ressive stren·g_th-, elastic: 

modulus and steel .... tq-conctete mod:ular· ·ratio are: 

f . = 5 ,.000 ps·i· 
C1 

ii) At 28 days·: 

f' = 6,oo.o·psi 
C 

E = 4·.0.8 x 10·6 psi ci. 

E = 4.47 :x: 10 6 ps .. i 
C 

For stee1j the. yield strength .. 
i·s :. 

f. = 226,000 ~~i y 

~i = 7 .1 

n ::: 6.5 

/ 
St:retching of stran·ds is completed in two steps, the first 

1 

step involves fifteen strands, and the second step sixteen. 

--36-
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The .sequence of loading is as follows: 

• 

,j •• I 

I, 

Post-tensioning - :20 days after end of steam curing 

Casting of slab -- 90 days after post-tensioning . .. 

• 

Superimposed dead load - 150 days after post-tensioning 

',. 

The: mid.span bending moments . caused by the several categories 

i) Girder· load: 
;/ 

.! 

Weight of :girder. se.c.t·ion ==· (145) (·. } 89·) .. = 794 p· .if 144 · · . 

The moment .d·ue to girder we·ight • 1s: 

M = . (794). (80) 2 '(12) = 
G .8 7,620 k-in:. 

J. 

ii) Cast~in-p.lace slab: 

·s·· .. ·i• .. ab . . ·· (145) ( 7. 5) (5) t> Weight of se·ction ·= · · · · 
12 .:. 453· pNf 

The moment due to sl,ab (and diaphra.gm) weigh.t is: 

_ (453) (80) 2' .(12). _ 
M - - 4.,.350 k~in. s 8, 

iii) Superimposed· dea·d loads : 

The moment du~ to ·superimposed dead lo.ad is: 

M __ (30) (5.:·.). ·.·, .. 
8
( ...•• 8.0) :

2 
(12 .. ). -.... _l) I, 440· k-in. 

. I 

5. 2 .. , Solution by the PCI General Meth·od. 

--------- -----------. - -

Concrete stresses at centroi.d of steel and, steel stresses due 

to various ·loads: 

-·37-
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~i) Girder weight (carried by the girder secti,on) 

(7 2620) (20.47) = _ 600 psi 
260,730 

Steel stress = (7 .1) (600) = 4,260 psi " 

ii) Slab weight (carried by the girder section) 

Me 
s g -- -I 

g 

(4,350) (20_. 47) 
260,730 . = - 340 psi 

Steel stress =· (q.,5) (:340) = 2.,2:10 psi 

iii) Superimposed dead load (·c-ar-ried· by c-omp·osi(e s·ection) : 
., I 

~ecs 
I 

cs 
-- - (1,440) (31.85) -- . 

556,789 - ~Bl ps~ 

.. 
st·eel stres's :;:: (6. 5) (82) = 5.-30 ·p,si 

Basic Creep .9:nd Shrinkage Values (see Ref. 7)· 

Cre~p 

. . 

For normal wei.gh·t -concre:te and steam curi_n·g_, the ult-~.mate: loss 

· of pres tress due to cre:ep o·f concret-e is: 

UCR = 16.5 

The volume to surf ace ratio of t~e member .. . 
l.S: 

V/S = 757,440 = 4 74 
159, 706 · .• 

The factor that accounts for the effect of size and shape of 

a member on creep of concrete is: 
.... 

-----·-

SCF = 0.7 •• 

(U.CR) (SCF) = (16-. 5) (O. 7) = 11. 6 

-38-
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:. The loss of prestress due to creep of concrete over time 

interval t tot is: 
1 

CR = (11. 6) (PCR) (fct) 

where: PCR = (AUC at t) - (AUC at. t) 
1 

.. 
AUC = Amount of u·lt·imate creep at time after prestressing 

t = Time after p·restressing at the end of a time 

interval, in days 

t· = Time after p-·res·tressin.g at the begf.nning of.· a time ,.. J 

inte:r::v-~1-, in· days 

·f = Co11.cret·e stress a.t ce.ntroid of steel at time t , 
ct 1 

' 
in ps.i. 

Sh.rinkage ~ .. , 

The ultimat·e loss· -of prestress due· to sh_rinkage of concrete 

:l-s: 

USH = 27,000 -
3' 000 E ., C 

10 6 
= 1·3 590 ·.p·s-i 

. . ' . 

lio·r V./S = 4 .• 7·4, the factor th_.9:t accounts for the effe.ct of 

.. 

size and shape .of a member on concrete shrinkage is: 

SSF = O. 7 

(USH) ($'SF) = (13.,.590) (O. 7) = 9,510 psi 

·---~~-·L·_._ _ _SH __ =:= .. _{9_,510) (P~} -· 

.. 
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where: PSH = (AUS at t) -. (AUS at t ) 
1 

AUS= Amount of ultimate shrinkage at time after end of 

curing 

I . Time Interval I: From End of Curing of Concrete to Anchorage 

No loss cluring this ·period for post-tensioned members. 

Time Inte.rval II: From An-chorage to Casting of. Slab 

(a) Immediate Loss: 
.. 

i) .At the middle section 

Stage 1: Tensioning ·of fi.ft·ee.n st.rands· res~sted b~y the net 

f 
C3 

concre.te :sect.ion: 

A = 7 84 • 3 s·q • n 

e = 20. 6 in . ·n 

.. in .. 

I ·- 258,732 in.-~ -n 

e2 

f 
1 n = N a + s ps s2. A I 

n n 

= (15) (0.153) (189,000) 

= 1,264 psi 

1 · 20.62 

784.3 + 258,732 

Stage 2: Tensioning of sixteen strands resisted by the net 

concrete section comb.ined with the fifteen strands 

already anchored. 
,--~----· ----~--~-------· --
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A = 800.6 sq. in. t 
I 

et= 20.1 in. 

It= 266,512 in.~ 

= (16) (0.153) (189,000) 
1 20 .12 

800. 6 + 266,512 

= 1,280 psi 

:. The total concrete prestress at c.g.s. immediately after 

post-tensioning is: 

f = 1,264 + 1,280 = 2,544 psi 
C3 

ii) At the end section: Similar to the midspan section 

Stage 1: 

f = N a f 
C3 S ps S2 

A = 784.3 sq. n 

e = 10.3 in. 
n 

• 1n. 

I = 260,231 in. 4 
n 

1 
A 

n 

e2 
+ _E. 

I 
n 

= (15) (0.153) (189,000) 
1 10. 32 

784. 3 + 260,231 

= 730 psi 

Stage 2: A = 800.6 sq. 
t 

10.0 • 
et = in. 

• in. 

I - 262,175 in. 4 -t 
Sol, . 

~41-
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f a (16) (0.153) {189,000) 
C3 

1 102 
---+---
800. 6 2 6 2 , 17 5 

~ 756 psi 

:. The total concrete prestress at c.g.s. immediately after 

post-tensioning is: 

f = 730 + 756 = 1,486 psi 
C3 

Assuming a parabolic variation off , the average off 
C3 C3 

along the length of member is: 

2 
fc

3
avg = 3 (2,544 - 1,486) + 1,486 = 2,190 psi 

Assuming a factor of one-half for the estimation of elastic 

1 shortening loss, a. = -
2 

. 1 
··ES= an.f = -2 (7.1) (2,190) = 7,775 psi 

1 c3avg 

The streel stress immediately after Prestressing (without the 

effect of girder weight) is: 

f = f - ES= 189,000 - 7,775 = 181,200 psi 
S 3 S2 

• 
•• Immediately after the prestresses (not including the 

stresses caused by MG) are: 

f = 181,200 psi 
S3 

f = 2,190 psi 
C3 

Initial prestress loss= 7,775 psi= 4.1% of fsi 

.. 
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(b) Time-Dependent Loss: 

Immediately after prestressing, the material stresses at c.g.s., 

including the stresses caused by MG, are: 

f = Total steel stress at time t 
st 1 

m 181,200 + 4,260 = 185,500 psi 

fct ~ 2,190 - 600 = 1,590 psi 

For creep, t = 0 
1 

t = 90 days 

PCR = 0.51 - 0 = 0.51 

CR = (11.6) (0.51) (1,5~0) = 9,406 psi 

For shrinkage, t = 20 days t = 110 days 
1 

PSH = 0.63 - 0.36 = 0.27 

SH = (9,510) (0.27) = 2,570 psi 

For relaxation, t = 1/24 days (see Ref. 7) 
1 

f /f = 185.5/226 = 0.82 st y 

t/t = 2,160 
1 

t = 90 days 

The loss of prestress due to steel relaxation over time interval 

t tot is: 
1 

RET = (185,500) log1~• 160 ) (0.82 - 0.55) 

= 16,700 psi 

' 

• 
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• 
Total loss in time Interval II 

-= ES + CR + SH + .RET 

C 7,775 + 9,406 + 2,570 + 16,700 

C 36,451 psi 

••. At the end of interval II 

• The steel stress due to prestress alone after post-tensioning 

f 6 p = 189,000 - 36,451 = 152,549 psi 

is: 

The concrete stress at centroid of steel due to prestress alone 

after post-tensioning is: 

f cp 
_ 152,549 
- 2 ,lgQ X 181,200 - 1,840 psi 

Time Interval III: From Casting of Slab to Application of Super

imposed Dead Load 

Immediately after casting of slab, the material stresses at c.g.s., 

including the stresses caused by MG and MS, are: 
, 

f = 152,549 + 4,260 + 2,210 = 159,019 psi st 

f = 1,840 - 600 - 340 = 900 psi ct 

For creep, t = 90 days 
1 

t = 150 days 

PCR = 0.58 - 0.51 = 0.07 

CR = (11.6) (0.07) (900) = 731 psi 
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, For shrinkage, t a 110 days 
1 

PSH = 0.67 - 0.63 = 0.04 

t = 170 days 

I 

SH a (9,510) (O. 04) = 380 psi 

For relaxation, t ~ 90 days 
1 

f /f = 159/226 = 0. 70 
st y 

t = 150 days 

RET = (lsg,oig) ( log
1
~.67) (O. 70 - 0.55) 

• 
= 531 psi 

Total loss in time interval III 

= CR+ SH + RET 

= 731 + 380 + 531 

= 1,642 psi 

• , . At the end of interval III 

f = 152,549 - 1,642 = 
sp 

_ 150,907 _ 
fcp - 2 ,lgQ X 181,200 -

150,907 psi 

1,824 psi 

.. 

tit = 1.67 
1 

Time Interval IV: From Application of Superimposed Dead Load to End 

of One Year. 

Immediately after the application of superimposed dead loads, the 

material stresses at c.g.s., including the stresses caused by MG, 

MS and~' are: 

,, 
' 
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f 6 t = 150,907 + 4,260 + 2,210 + 530 E:: 157,907 psi 

fct = 1,824 - 600 - 340 - 82 = 802 psi 

For creep, t = 150 days 
1 

t = 365 days 

PCR = 0.74 - 0.58 = 0.16 

CR = (11.6) (0.16) (802) = 1,490 psi 

For shrinkage, t = 170 days 
l 

PSH = 0.86 - 0.67 = 0.19 

t = 385 days 

.. 

SH = (9,510) (O .19) = 1,807 psi 

For relexation, t = 150 days 
l 

f t/f = 157.9/226 = s y 0.7 

t = 365 days 

RET = {157,907) log 2.43 
10 ( 0 • 7 - 0 . 5 5) 

= 913' psi 

Total loss in time interval IV 

= CR+ SH + RET 

= 1,490 + 1,807 + 913 = 4,210 psi 

• •. At the end of interval IV 

f = 150,907 - 4,210 = 146,697 psi sp 

f = 2,190 1461697 - 1,773 psi cp X 181,200 -

• 
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Time Interval V: From End of One Year to End of Service Life, Taken 

as One Hundred Years. 

Immediately after end of one year, the material stresses at c.g.s., 

including the stresses caused by MG, M5 and~, are: 

f = 146,697 + 4,260 + 2,210 + 530 = 153,697 psi st 

f. = 1,773 - 600 - 340 - 82 ~ 751 psi ct 

For creep, t = 365 days . 1 

PCR = 1.00 - 0. 74 = 0.26 

CR = (11.6) (0.26) (751) = 2,265 psi 

For shrinkage, t = 385 days 
l 

P SH = 1. 00 - 0 • 86 = 0 • 14· 

SH = (9,510) (O .14) = 1,330 psi 

For relexation, t = 365 days 
l 

t = 36,500 days 

f t/f = 153.7/226 = 0.68 s y 

RET = (153,697) ( 10!0lOO) (0.68 - 0.55) 

= 3,996 psi 

Total loss in time interval V 

= CR+ SH+ RET 

= 2,265 + 1,330 + 3,996 
- ·:...- .... 

= 7,591 psi . 
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• 
, , At tI1e end of time interval V 

Summary 

f = 146,697 - 7,591 = 139,106 psi sp 

f = 2,190 X lJ9 ,l06 = 1,681 psi 
cp 181,200 

Time 
Interval 

I 

II 

III 

IV 

V 

N 

SH 

0 

2,570 

380 

1,807 

1,330 

6,087 

CR -
0 

9,406 

731 

1,490 

2,265 

13,892 

/Jf = ES + r (SH + CR + RET) 
s 

= 7,775 + 6,087 + 13,892 + 22,140 

= 49,894 psi 

= 26. 4% of f si 

5.3 Current AASHO Method 

Concrete stresses at centroid of steel: 

RET 

0 

16,700 

531 

913 

3,996 

22,140 

i) Initial pr~stress (carried by the girder section) 
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a) At the middle section 

e2 
1 + __& 
A I g g 

( 
1 20.472

) = (189,000) (4.74) 789 + 260 , 730 = 2,575 psi 

b) At the end section 

= (189,000) (4. 74) 
10. 23 2 

+ 260,730 - 1,495 psi 

ii) Girder load (carried by the girder section) 

At midspan 
M·e 

G g ----- - -600 psi I 
g 

At supports 

iii) Cast-in-place slab load (carried by the girder section) and 

superimposed dead load (carried by the composite section) 

At midspan . 
Me ~e 

S g + cs = -340 - 82 = -422 psi 
I I 

g cs 

At supports 
Me Me 

S g + -!) cs = O 
I I g cs 

Elastic shortening 

At midspan f = 2,575 - 600 = 1,975 psi · er 
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At supports f = 1,495· - 0 c 1,495 psi er 
I 

., 

Average 1 f = -2 (1,975 + 1,495) = 1,725 psi er 

ES= 7f = (7) (1,725) = 12,075 psi er 

Initial prestress loss = 12,075 psi = 6. 4% of f . ,.. 
S1 

Shrinkage loss 

In the state of Pennsylvania 

relative humidity= 70 - 75% 
• 
••SH= 10,000 psi 

Creep loss 

At midspan f = 2,575 - 600 - 422 = 1,553 psi cd 

At supports fed= 1,495 - 0 - 0 = 1,495 psi 

Average fed= f (1,553 + 1,495) ~ 1,524 psi 

CRc = 16 fed= 16 (1,524) = 24,384 psi 

Relaxation loss 

CR = 20,000 - 0.125 [0.8 (SH)+ 0.5 (ES)+ CR] Sp C 

= 20,000 - 0.125 [0.8 (10,000) + 0.5 (12,075) + 24,384] 
' 

= 15,197 psi 

Total pr~stress loss 

flf 
s 

= 0.8 (SH)+ 0.5 (ES)+ CR + CR 
C Sp 

~ 
\ 

= 0.8 (10,POO) + 0.5 (12,075) + 24,384 +- 15,197 

= 53,619 psi 

= 28.4% of £81 

' 
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5. 4 New Method 

Coefficients for Concrete and Steel Surfaces (Tables 1 and 2) 

i) 1/2 in. diameter stress-relieved strand 

The coefficients of instantaneous stress-strain relationship 

of steel are: 
, 

A - -0.04229 -
1 

A - 1.21952 -
2 

A - -0.17827 -
3 

Assuming strands are supplied by manufacturer C, the 

relaxation coefficients are: 

B - -0.07880 -
l 

B - -0.00762 -
2 

B - 0.14598 -
3 

B - 0.05920 -
4 

ii) Upper-bound-loss concrete 

C - 0.02500 -
l 

D - -0.00668 -
l 

D - 0.02454 -
2 

E - -0.01280 -
l 

E - 0.00675 -
2 

E - -0.00060 -
3 

E = 0.01609 
4 
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Step 1 

' 
Evaluation of k, k, Sand f' (see Chapter 3) 

2 3 ci 

f = 189 ksi 
S2 

f = 270 ksi 
pu 

f = f {A + A S + A S 2
) 

S2 pu 1 2 S2 3 S2 

f /f = 189/270 = o. 7 
S2 pu 

( 

... s 
• • 

-A + ;'A2 
- 4A (A - f /f ) 

= k = -~2 _,_~2 ---=3---:-1 __ s-=-2____..p..__u_ 
2 2A s2 

3 

_ - ( 1. 219 5 2) + /( 1. 219 5 2) 2 - 4 ( -0 . 1 7 82 7) · ( -0 . 0 4 2 2 9 - 0 . 7) - 2 ( -0 . 17 82 7) 

= 0. 6 7 5 in./ in. 

k = 20 days 
3 

A I (789) (260,730) 
g g 7 4 = --~---------- = --~-~------~~---- = 3. 

A 
ps 

(I + A e 2
) 4. 74 [260,730 + (789) (20.47) 2 ] g g g 

f' = 0.600 + 0.340 + 0.082 = 1.022 ksi · ct 

(for the sign convention of f~t' see Section 3.1, p. 17) 

Step 2 

Calculations of .f and k 
C3 4 · 

At the midspan section, f = 2.544 ksi (see Section 5.2, p. 41) 
C3 

k = D + D log (k + 1) + k + (1 - a) Cf 
4 1 2 3 2 1 C3 

= -0.00668 + 0.02454 log (20 + 1) + 0.675 

+ c1·- o.s> co.02s> c2.s44) 

= o. 733 
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Step 3 

Calculations of parameters 

P = A f 
1 1 pu 

= (-0.04229) (270) 

= -11.42 

P = [A - B - B log (t + 1)) f 
2 2 1 2 s pu 

I 

,\ 

= [1.21952 - (-0.07880) - (-0.00762) log (t + 1)) (270) s 

= 350.5 + 2.06 log (t + 1) 
s 

P = [A - B - B 
3 3 ·3 4 

log (t + l)] f s pu 

= [(-0.17827) 0.14598 - 0.05920 log (t + l)] (270) . s 

= -87.5 - 15.98 log (t + 1) 
s 

Q = D + E + D log (t + 1) + E log (t + 1) 
1 1 1 2 C 2 S 

= -0.00668 - 0.01280 + 0.02454 log (t + 1) + 0.00675 log (t + 1) 
C S 

= -0.01948 + 0.02454 log (t + 1) + 0.00675 log (t + 1) 
C S 

Q
2 

= C + E + E log (t + 1) 
l 3 4 S 

= 0.02500 - 0.00060 + 0.01609 log (t + 1) ' s 

= 0.02440 + 0.01609 log (t + 1) 
s 

In the following, calculations for the time immediately after appli

cation of loading are demonstrated. For the sake of simplicity, the 

superimposed dead load of 30 psf is treated as if, acting at the time 

when the slab is ca§t. The error will be very small and on the 
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over-estimation side. At the time of deck slab casting, 

t = 90 days and t = 110 days 
S C 

• .. P = )50.5 + 2.06 log (90 + 1) 
2 

= 354.54 

P = -87.5 - 15.98 log (90 + 1) 
3 

= -118.8 

Q
1 

= -0.01948 + 0.02454 log (110 + 1) + 0.00675 log (90 + 1) 

= 0.04392 

Q = 0.02440 + 0.01609 log (90 + 1) 
2 

= 0.05590 

k - Q = 0.73300 - 0.04392 = 0.6891 
4 1 

R = P + P (k - Q) + P (k - Q ) 2 
1 1. 2 4 1 3 4 1 

~ -11.42 + 354.54 (0.6891) +. (-118.8) (0.6891) 2 

= 176.48 

R = -Q [P + 2P (k - Q )] 
2 2 2 3 4 1 

= -0.0559 [354.54 + 2 (-118.8) (0.6891)] 

= -10.67 

R = p Q2 
3 3 2 

= (-118.8) (0.0559) 2 

= -0.371 
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Step 4 

Calculation of concrete stress at c.g.s. 

CR - Sf' ) + (R - a + 1) f + R t 2 = o 
1 cR, 2 cs 3 cs 

R - Sf' = 176.48 - (73.4) (1.022) 
1 cR, 

= 101.47 

R - S + 1 = -10 • 6 7 - 7 3 . 4 + 1 
2 

-0. 371 f 2 
cs 

= -83.07 

- 83.07 f + 101.47 = 0 cs 

f 
cs 

-(-83.07) /(-83.07) 2 -4 (-0.371) (101.47) = _.__;.--~--.:__._---=---~----=--_.;.__--__;..._ 
2 (-0. 3 71) 

= 1.213 ksi 

Step 5 

Calculation of steel stress 

£ = (S - 1) f + Sf' 0 
S CS C..1v 

Step 6 

= (73.4 - 1) (1.213) + 73.4 (1.022) 

= 162. 83 ksi 

, . 

Calculations of concrete and steel strains 

s = Q + Q f 
C l 2 CS 

= 0.04392 + 0.0559 (1.213) 

= 0.1117 in. /in. 
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s = k - s 
S 4 C 

= 0.7330 - 0.1117 I 

fj 

= 0. 6213 in./ in. 

Total prestress loss immediately after application of load 

= 189 - (162.83 - 4.26 - 2.21 - 0.53) 

= 33.17 

= 17.6% of fsi 
I 

Stress and strain conditions at other times are calculated by the 

same procedure (Steps 3 to 6). The results are as follows: 

i . 

Immediately after post-tensioning 

t = 0 t --s C 

f --cs 

s = 
C 

f --s 

s --s 

Initial prestress loss 

= 189 - 180.4 

= 8.6 ksi 

= 4.6% of £51 

20 days 

2.492 ksi 

0.0881 in./in. 

180.40 ksi 

0.6449 in./in. 
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,, 
Immediately before app~ication of loads 

t = 90 days 
s t = 110 days 

C 

f = 1.583 ksi cs 

s - Q.1324 in./in. -
C 

f - 158. 65 ksi -s 

s - 0.6006 in. /in. -s 

f~R, == 0.600 ksi 

Total prestress loss immediately before application of loads: 

At 

t 
s 

= 189 - (158.65 

= 34.61 ksi 

= 18.3% off. 
S1 

4.26) 

the end of one year 
I 

= 365 days t - 385 days -
C 

f - 1.116 ksi -cs 

s - 0.1335 in./in. -
C 

f - 155.81 ksi -s 

s - 0.5995 in./in. -s 

Total prestress loss at the end of one year. 

= 189 - (155.8 - 4.26 - 2.21 - 0.53) 

= 40.2 ksi 

= 21.3% of £81 
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At the .end of the service life, taken as one hundred years C ; 
' . • 

t = 36,500 days s t - 36,520 days· -
C 

f - 0.8187 ksi -cs 

s - 0.2027 in. /in. -
C 

f = 134.28 ksi s 

S = 0.5303 in./in. s 

Total prestress loss in one hundred years 

= 189 - (134.28 - 4.26 - 2.21 - 0.53) 

= 61.72 ksi 

= 32.7% of f
8

i 

f' = ct 1.022 ksi 

The same example was also solved by the computer program 

PRELOSS. Str_ess conditions at many more time locations were 

obtained. The hand calculated results given above agreed with 

the computer output up to three decimal places. 

5.5 Comparison 

Among the three different methods, the current AASHO method 

predicts the higher initial prestress loss than the new method ,vhile 

that predicted by the· new method is higher than the PCI - General Method. 

It should be pointed out that the AASHO method does not explicitly pro

vide an estimate of the initial prestress loss and the elastic loss 

value is used here for the purpose of comparison. As for the total· 

prestress loss, the new method gives the higher value than the other 

two methods. In the current AASHO method, the influences of the 
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shrinkage, e·l.as:ti.g s,ho .. ;rt.enip·g;; and· c.:ree.p 1·o·~rses .on relaxation are con-

Ol1e·thod. ·an.d. the ·n~w. ·tlletb.o.-d considered .f.:u1ly the fn_terference pf the 

seve·J." .. al. ·compon .. ents. The tcita.1 p:res tress lo~·s .P're:dic:.te·d by the' P.CI ,.~, 

·,. 

·!:rt :ad..diti.b.n, .. th·e: P·C·I. -
.-.. ; 

Th.e :'l~µr.1:·ent .MS.HO~ tne:thod giv:e·s. ·oniy :t-he· f:i.11-al :pl~e~t.r·ess:· loss: . . : 

at the end :ctf ·the .s.e:rvice .life· of: t.h,e, ·µieJnhei;, while .f·or berth the PC! .--
·-

General ,Me.:th:.od an:d, 'the ttew :method:~ tJ,1~· •p:re$t,res.~:r los,_s .at· any arbitrary 
.. 

:ti:me can ·be, pre.dic·te,d. ·-To··e· caic·ula.tions ·nee.ded: f:cJF' :the ·new method· a·re . . -... ;_ - . . ·. . . ·• . . . . . . . . . . ,- . . - ' . 

sht>•rti~r and ·simp}er· t.h:a11. ·th.ose. :r:equired _f,ot :the p·c1· -·· ·General •Met:h:o.d. . . . . 

~[ri addition., ~lr~: ·per - :G·enera·l .Met.ho.:d .. fo.l.lows :a :step.~b_y~~te:p p·ro.:cedure·, ... 
.. . .· . . · .. 

,. 

re:sul.ts oib:t·a·fned· by us·-inig the. ct1r:r~nt: .AASH() .me::-thod, the· •P,c:t: ·--. Genera:L. 

Method a1td. :the ·1tew· D1e.th,od. a1ld a.re sh,own in Fig. 6... 1:-t can ·:be .sfeen .tJ1a·t 

the results· C>p·tcained by usin:g; ·both· the· Pel. -- Gen.e-~a.1~. Method and th-~ :new· 

. method ag·r·~·e:d very well with e·ach :9.t_:h·e.r ·up to· a.p.proximately three or· 

·-~ 

., 
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four years 'and th~- pres tress los,s: p-redicted in 1·00; years by the new 

method is higher. 
.•·· .. 

. 

... 

, 

:, 

,, 

.. 
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6. CONCLUSIONS 

I 

Based on the development and example problem given in the 

previous c~apters, the following conclusions can be made: 

1. The basic principles and procedures developed previously for 

pretensioned members can be modified for post-tensioned mem

bers by appropriate changes in the time and strain 

relationships. 

2. The computer p~ogam PRELOC can be expanded to include both 

pre- and post-tensioned·members . 

. · 
3. Among the three methods tested in Chapter 5, the current 

AASHO method predicts the highest initial prestress loss, 

while the new method predicts the highest total prestress 

loss at the end of service life of the member. 

4. In comparison with the current AASHO method and the PCI -

General Method, the new method provides reasonable results 

throughout the service life of the member. As for the amount 

of calculations, it requires less calculation effort than the 

PCI - General Method. In addition, this method provides a 

direct calculation of prestress loss at any time. 

5. Further improvements in the prediction of the prestress losses 

for post-tensioned members can be made in the following areas: 
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cr·ete: ·p"ltestr:e.ss at c. :g. s-. .- , :f. ·,: tn t.erni$ ·.o:f :t·he· :J.nitia.·l. .. . c.a. 

s-t:e:el s·tres·s ,. t'hus: av_oiding:: the su·cces,si.'\te.· :ca:1cul,atio1ts 

us:ed in. t.hfs. :t·h-esis. 
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B .•• 3.' 

' . . . ", . 

0.100·15 

0.12068 

0.11294 

0.12037 

0.13645 

, 0.13847 

0:11860 

.... -·. ;· . . . . . 

• 

O·. ·Q:.5•·,,22-· 8 . . •. . . . . 

0 •. 05:'.9 4·3 _ 

O. 0:2:66'0· 
. . .. . . ', - .. - . . .• . 

• . • 1- •• 

:0'.:03763 . . . . - . . . ~ . 

. ·- •. .._ .... 

0.04394 

0.04608 

0.04858 

.. : 

;I 



... 

.,. 
, . 

~-· TABLE 2 : COEFFICIENT_S: F.OR :coNCRE-TE: SlJRFAC::E·S: 

.. 

Plan-:t All Plant CD 
co·~·f:f.'i .. cten.ts Combined 

Upper· Bound Lower Bound .. 

. .. . · ... . .. . . . .... 
. . . . . . 

Elasti·c ·stra.in C * 0. 02500 0.02:105 0. 02299 
. 1 

. . 

D -0. Q0:668 -0 • 000'.66 -0. 00289 1 

D 0.0:2 .. 454 0.0:15.00 o. 02031 . 2 
. . ~'h-rJ.nkage 

D o. 00439 : .... o··. 0-00.16 . -: ; -. . . . 0.001.'2-8· 3 . 
' 

. D -0. 00474 ~0,.003·34 -0. 00432 4 
-

.... 
·- - . - . ·-· .. '. .· .. -

.. ·· .. -,. . ... 

' ·, 
. 

. E ~0.-0128.0 -0 00664 -0 0159.-2_ . 

• • 1 

. 
. 

'-

E . (). {lQ675 -0 00331 0 .• 0'0649 • ' 2 
Cr;e·e:p; .. 

j --

E -0. 0·0060 -d .. OQ3·71 0.00256 . 3 
. 

: 

E o. 0:1609 ' o. 01409 0. 01.153 4 

' 
.. r . 

* Note_: C == 100/E · where E is mo.dulus of .el~sticitY, 1 C C 

for concr~t~, in ksi 

• 
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APPENDIX 

COMP-UT-lt'R FLOW CHARTS AND PROGRAM . '·'' ;•· .... -. . - . . . 

·. . ... ' . - ~ . 

Main Pt~o.gram for calculat:Lort: o·f· ·the 
presttes-s lPs:se$ in either prete~sioned. 

:or_ po$·t--tensioned members with the 
appl:Lcc:1.tipn of the p·redict~on formulas 

_ of. ·ptes-t re.ss losses 

100 
. . . .. . .'• · .. 

Read In ty_·pe·s of stress .... strain~time 
rela.tion~hips: of the steel c1t1d c.oncrete 
materials, :type· of the st:rand used,: and 
the con_.trol signal used to ·d-is ting.uish 
if i.,t i_s pretensione:d or post"'.""tensioned 

111embe·r (a c:ar·d with NSUST = Q: would 
·indic.ate end of problem). 

Yes 

No 

Call EXIT 

End 

·. ·. -74-

./ ,,. 

•' 



.... 

Read in.· to·tal number of s·trar1ds, gr.oss •. 
area: and ~oment of inertia of toficr~te, . . . . . . . - . '. . . . . .. 

s·ection, and the dist.ances of ·concrete . 
fibers with reference to the centroid . . . . . . 

: of the concrete section.: . . . . . . . 

.··· :Pretens·io:ne: .. . ... 

Po.$ ~-=t=en..s·.iortecf-·· .. or .. ' 'Pr·etensioned 

· member 
:P:o:s·.'t~ tens iot1e,:d 

;,. ,' ', ', '' ,' 

member 

... 

Read in the initi~l ~tress 
or strain of the strand, . 
time interval f.rom the end 
of curing 'pe·riod to post
tensioning an·d ,tqat f roni 
the prestressing o:f con~ 
crete to the application 
of loads, the applied 

Read ::i.n the initial stress· 
or strain of the strand,. 
ti111e interval from te-ns=ion~ .

. :it1,g: of. steel to trans fer 

load and bending momert.t. 

·ot: p:l"estress and that .from: .. 
transfe:r of· .p.res tress to 
~pplication of loads, the 
applied load and bending 

oment • 

;.· 

. . ·. .•. 

Spe·ci·f;t th~ levels 
where co-nctete· strains 
and str.esses, are to be 
evaluate .. d (optional). 

·-7:5--

'\ 

',# 

.. 



.r- .. 

:~. 

Call INITI 

Selects the ~ecessary data: ·from. 
data bank: for the particular 
problem which is concerned- wit;h. 
Then calculates the total. ste.el 
area, ultimate strength, and
initial stress or strain, 
whichever is not known, by 
calling subroutine SURST*-· 

Post-tensiorted 

member 

Calculates: th·e ·con.crete s·t-tess-. ·• ··, . . . •,·. ' -. ' . . . . . 

at. the level of _pr·estres·sing 
Call ELASHO Steel,. f C ,, when the tendons· a..re 

stretcbe·d .• 3 It also calculat·e$ tl1e. 
jla·.r.ame.teJ;· :k· •. 

4 

---~~·-:~·-·:··~-·--•~---~ Call POINT 

Call ACTP ATH 

( J 
-·-...... .. j 

-·~ ...... -,._.~ .. -- .... -• .• "', '., ....... ~ ............. .._ ..... ? __ ,.. __ I" __ ~-~- •••.•• -·· - ·-· -- ·--~....--

Determines ,t·he ·stress and 
strain, cond:itions in co1:1c,rete 
and s te·el at the several key 
sta_g~s. by ·me.ans of subroutines 
SU·RST* .. and PREDI** and ·if 
·. . . . . . . ·. ' 
:r~q .. uired., PRE CS***. Als.o: 
c·a.lc.ulate prestress losses 
a.t va·r·ious s tage-s • ~ 

Determines the variat.i:on's ·o.f 
stress and strain conditions . . .. ; ·. -. -.- . . .. 

in steel and conc·re,te· a-t typi·--· 
cal~ time intervals :along the 
~ctual and alte~nate lo~ding 
paths (3-6, .3*--6*, 3**-6**).: 
Calculations are made by sµb;... 
routines: PR.EDI**, and i:f. p.ee·ded_,_. 
PRECS*** a.ild ALTPATH****·._. 

'. 

• •• ·-,~ •• ~- .... <" - • • 

• 



*' 
' Call SURS.T· 

. _. ·., 

.· ·Call ·PRE;Dl 

- .,· . 

·call PRECS 

**** 
Call ALTPAT}l 

. .·.- . 

Steel stress-strain-time relationship. 
th..e. steel stress or strain whichever is 
a given time. 

De te:rm±nea· 
.n·o t ·knt>wn. a· t 

:.B,~~ic P.re.diction calculation as e',cplaine.d ·f:n 

' 

C,ltap ter :3. For any given time·, the p rograin. evaiuate.s 
-p·arameters P, Q and R, solves the quadratic.· equatip.µs 
:Jot g 1 an·d· g and calculates.

1
the steel and .c911:c.·r~te 

s tr~:s ~tes an.d.2 s t,rains . 

Ca·:lc,ulate.s·· :oQIJ:·corete .. p·:.t·•r.ess and st:r'.ain .. ~t ·ecl¢P· 
seJ.e-.cted: .l•~.ve.:1 (u,p: .·to: :5 1eve•ls). 

Pr·ovides, 'calct1l;ati.on £·or· the alte·.rnate p,a.ths 3:·~--6~ 
an·d .J·**~6 **. Same ·ty•p-es, ·o.f ca1c:·ulattons .a$. men.t:·iorted. 
in $·.ubrou.:tin~ A .. CTPATH. are gi-ven. .-in .this Slib··routine .•. 

:-.. 

·. 

.. ·7··7 .:~·~·.·· _ .... 

' . 



, 

' . 

.. 

.. 
~. 

··c: 
.... 

'.\J 

C 
,C, 
t"\ . 

·-·-~ 
,t· 

:-~ 
.':, 
..... 
-~· ... , 
Li 

·'"' I...,. 

:.(;: 

c. 

C 

. ""' 
l, 

G 
.c 
'C 
~' 

:c 
·c: 
C 

. ·, 

PRO GRAM PR~ LOSS ( I NP UT , 0 UT P UT t 

I • PR£DICTI0N METHOD FOR NON-UNIFOR~ PRETENSIONED OR ~OST-TENSION~O SP E~IME NS (SINGLE LA YER) "" 

C0:1~0'1 I CONST I 
1 

A1,A2,A3,B1,82,B3,a~,C1,D1,02,03,D~,E1,E2,E3,E~, NSUST,NSUCO,NTVST,NS,AGR.NAM110),NNN,PPP,P~O,C~I, AlP,8S,IN0tX,AGE(23t ,TCP(10,,TSP(10,,FSP(101, 
SSP(10),FCP(4,10t,SCP(4,10,,scc(5,~),AST(221, ACT<22>,~XX(~),XST(5t,FC3(51,IJK,NI,TTK~,AS<81,NS 

2· 
3: 

··It 
:5 

F.ORMT 

r.- A·~. -~-. D 
( 'JNF 

'I:;, 

rs 
l-5 .. .. 

r; 

AHE 

COLS. SYt-1 BOt 

NO. 1 PREL ass 
CAROt 

'Cl 

1-5 NSUS·T 

6 •·1 C NS·U-C Q: 

:11-15 NT YS·T 
16-:2 C N-I . 

C::,t~ D. NO •. 2. 
<ON~· CAR J > 

1'3 
,Flu• J 
F1Q.O 

_Ft O • 0 

F1 .. r, .,)· .. · .. 
.. ... . 
F .1::i .·n ' . ,..·. u 

1-5 
11-2c 
21-JG 

31-4G 

41-50 

.~1_-6.G 

61-- 7.0 

·. CARD NO. 3 
,· <ONE C~RDt 

NS 
AGR· 
Ct-i I 

XXX(1) 

XXX(2) . 

XXX(3) 

XXX(4t 

F·10 • 0 1-10 FS?<I» 
, ..... ,. 

......... 

,' 

INPUT FOR PROG~AM PRELOSS 

tlESCRIPT I ON 

FORMAT 100·0 

. 
STRlSS-STRAIN-TIHE RELATIONSHIP FOR 
STRANDS OF VARIOUS ~ANUFACTURERS (A 
CARO OF NSUST=O SHOULD BE PRO~IDEO 
AS THE LAST OATA CARO TO INDICATE 
THE END OF POOBLEMt ~ 
ST~ESS-STRAIN-TIME RELATIONSHIP FOR \ 
CONCRET~ OF VARIOUS ~ANUFACTURE~S 
TYPE or: STRANDS 
SIGNAL USED TO CONTROL THE PROGRAM FOR 
P~ESTR~SS~D HE~BERS 
!=FOR PRETENSIONED MEM3ERS 
·O:F'QR POST-T~NSIONEO MEMBERS 

FQ~MAT 1001 

• 

NO~BER OF STRANDS 
:GROSS S:'.CTION OF CONCi<ETE, IN- IN.
MOHE"NT OF INERT IA OF GQOSS S~CTION OF 
CONCRETE, IN I~.4 
THE OISTANCf F~OM THt TOF FIBER WITH 
REFEQENCE TO THE CENTKOIO OF CONCRET:: 
SE'CTION, IN IN. 
=o.o, c~NTROID OF CON~ETE GROSS SECTION 
, IN IN. 
THE DISTANCE F~OM THE ECCENTRICITY OF 
STRANDS WITH REF~RENC£ TO THE CENTROID 
OF CONCRET~ SECTION, IN IN. 
THE DISTANCE F~OH THE 90TTO~ FIB~R WITH 
REFERcNCE ro~ THE CENTROID OF CON~£TE 
SECTION, IN IN • 

FORMAT 10u2 

INITIAL STRESS IN STRAND<IN FRACTIONS 
OF GUARANTEED ULTIMATE STRENGTHt, IN 
t<SI 

' . 

,. 

,-·, . ' 



, .. 

C . · .. 
. ~ 

:1.1 

C: 

C 
'" lo.I 

C 
"': v· 

. "" w· 

C 
c: 
c. 

·C· . . 

.. ".' 
·v 

C 

,,.. 
.. ,J 

' :1., 

.... 
~.· 

.G 
C 

C. 

"' V. 

C 
·C 

. ,., 
\.;., 

.f" 
',;/ 

·.--u 

G 
C 
.... 
l,i' 

;c 
..... . , . 

·V 

G 
C. 

~·F1Q .• ·Q 

FlO .• o 

:F 10 • C 

! • • 

Flo .• o 

Fi O • J 

FSP ( 1) 
FSP(21 

·i f ... 2 0 S S P C I J 
SSP(1J 
SSP ( 2, 

:2.1-. J .O T S ? C 3 ) 

TCP'( 3 I 

J 1- 4 0 TC .P .. :( 5 ) 

51~6C. P~fO 

·c,A RD NO. l+ 
(ONE CARO a 

' ~ 1 0 • J 1-5 :o· · X S T ( I ) 

C.~_r{D N q·.. S EL.:A:S .HO 
t:o N'E C.A R·-n ; 

I3 

C~RD NO. 6 
,(ONE C~ROt 

.¢'.1 0 • 0 1-1 r-

,. EL A S·f-t 0 
. . . . 

RN-

FOR PRETENSIONED HEHBE~S 
FOR POST-TENSIONED ~EMBERS 
INITIAL STRAIN OF STRAND. IN IN.IIN. 
FO~ PRETENSIONED MEHBE~S 
FOR POST-TENSIONED HEM3ERS 
TIM~ INTER~AL BETWEEN STRETCHING ANO 

~ 

RELEASE OF STRANDS FOR PRETENSIONEu 
MEP1BERS, IN DAYS 
TIHE INTERVAL FROM THE ENO OF CURING 
TO POST-TENSIONING, IN DAYS 
TIM~ INTERWAL 3ETWEEN ~ELEASE OF 
STRANDS ANO THE APPLICATION OF LOADS 
FOR PRETENSIONED hEHBE~S. IN DAYS 
TIME INTERVAL BETWEEN ~ELEASE OF 
STRANDS ANO THE APPLICATION OF LOADS 
FO~ POST-TENSIONED ~EMBERS, IN DAYS 
APPLIED AXIAL LOAD ON CONCRETE SECTION 
, IN KIPS 
APPLIED ~ENOING MOMENT ON CONCRETE SEC
TION, IN KIP-IN 

FORMAT 1002 

THE DISTANCE FROM THE SELECTED L~VEl .. 
WITH REF~R£NCE TO THE CENTROID OF CON-
CRETE SECTION, IN IN. 

FORt-4AT 1001 

SIGNAL USED TO CONTROL THE CASE WHEN 
THE TENDONS AR~ STRETCHED SIMULTA
NEOUSLY OR IN SEQUENCES 
=1 IF STRETCHED SIMULTANEOUSLY 
=O IF STQETCHEO IN SEQUENCES 

FO~t-'AT 1004 

MODULUS RATIO(lHIS INPUT IS NOT NECES~ 
SAPV FOR THE TENDONS TO BE STRETCHED 
SIMULTANEOUSLYI 

,:A:'Rd NO.:. 7 .Et·A-SHO FORMAT 10 04 
to~r c .. AR.:O' FO::O c.A_CH ..,.TIME OF STRETCHING THE TENDONSI 

FlJ_-•. ~ INU.MB NUMB~~ JF TENDO~S TO BE STRETCHED FOR 
: :'. AC H T I ME ( A CA R D OF T N lJ H 8 = 0 • C SH O UL 0 
BE PRO~IOEO TO INDICATE fND OF P~OBL~M 
, 8UT NOT NECESSARY FOR THE CAS~ WHEN 
THE TENJONS ARE STRETC~ED SitUlTA
N':OUSLY 1 

1-0 J RE A O t u O O , N SUS T , NS UC O , NT Y S T , N I 
IF INSUST .EQ. Ot GO TO SOC 

·. 

READ 1oc1. NS,AGR.CHI,(XXX(l).L=1.4t 
IF ("'I .~a. Ct GO TO 48 

. . \ 

.\ 



d 

·' 

so a 
10G 0 
1001 
100 2 

. . 
READ 1002,FSP(11,SSP(11,TSP13),TCPC5t,PPP,PMO 
GO TO 489 
AEAO 10G2.~SP(21,SSP(2t,lGPCll 9 TSPC5t 9 PPP•PMO 
REAO 1002, IXSTILl,L=1,5t 
CAl.L INITI 
IF (NI .Ea, Cl CALL ELASHO 
CALL J>QI NT 
CALL ACTi>ATH 
'° TO 100 
CALL ~X IT 
FORMAT ('+151 
FORHAT CI5,5X,6F10.0t 
FORMAT (&F10.0) 
ENO 

SUBROUTINE ELASHO 

• 

·• ' 

CALCULATE TH~ CONCRETE STRESS AT THE LEVEL OF PRESTRESSING STEEL 
ANO T~E OARAMETER K4 FOR ~0ST-f£NSI0N£O -ME~8ERS ONLY 

COHHON I CONST / 
1 
2 

A1,A2,A3,B1,B2,B3,84,C1,01,02,03,D~,E1,E2,E3,E~, 
NSUST,NSUCO,NTYST,NS,AGR,NAH(10t,NNN,PPP,P~O,CHI, 
ALP,BS,INDEX,AGE(23t,TCP(18J,TSPf101,FSP(1Dt, 
SSPC101,FCPC~,101,SCP(~,10>,SCC15,~1,AST(221, 
ACTC22J,XXX(4t,XSTl5t,FC~C5t,IJK,NI,JTK4,AS1&J,NS 
A~E 

12 '+ 

78~ 

993 

3 
4t 
5 

P~ENu:o.o 
FFC3=0,0 
NCOUNT=1 
~EAO 1a O 39 NSAM E 
IF (NSAHE .EQ. 1J GO TO 124 
RE AD 10 0 l+, RN 
RE AO 10 0 '+ , J NUt-1 B 
IF (TNUM9 ,Ea. 0.0) GO TO 242 
TOAS=TNU~B•AS(NTYSTJ 
AXTS=TOAS•FSP(IJK>•ALP 
IF ( NCO UN T • GT • 1 ) GO TO 7 8 9 
AN= AGR-BS 
xsaOT=XXX(4)-XXX(3) 
YN=(AGR•(XXX(4)I-BS•XSB0Tt/AN 
t:N=YN-XS90T 
XCGR=XXX (4) •YN 
ENSQ=EN•EN 
CHIN=CMI+AGR•XCGR•XCGR-BS•ENSQ 
ST~ES3=AXTS/AN+(AXTS•ENSQt/CMIN 
GO TO 99~ 
PRC::NU=TNUM B+P~E NU 
PRODT=(RN-1,0J•(NS•PRENU)•ASINTYSTt 
AT:AGR-T~U~B•AS(NTVST)+PROOT 
PNI=(PR0DT•XXX(3)l/AT 
ET=XXlC(3J-PNI 
CMIT=CMI+AGR•XXX<3>•PNI 
STRES3=AXTS/AT+(AXTS•ET•ETt/CHIT 
FF~ 3=S T RES 3 +FFC 3 
IF (NSAHE .EQ. it GO TO 24~ 
NCOUNT=NCOUNT~l 

~.so-

·' 

I' 



~· 

.. 

·,!J .. , 

. \ 

C. 

• 

GO TO 124 
2·42 AL PHA=O • 5 

GO TO 2 .. 5 • 
24'+ ALPH~=o.o 
245 TIMM=ALOG1Q(TCPC3)+1.0I 

.. QQ1=01 + 02• TIMM 
TTK4=QQ1+SSPl2)+11.0•ALPHAt•C1•FFC3 RETURN 

1 0 0 3 F O Rt1 AT l I S) 
1J04 FORMAT(F10,Ct , 

ENO 

S·USJ~OUT INE INIT I 

.. 

... 

C -INITIALIZATION ANO SELECTION OF COEFFICIENTS 
C 

COMMON 
1 

I CONST/ A1,A2,A3,a1,B2,B3,~4,C1,01,0Z,03,0~,E1,E2,E3,E4, NSUST,NSUCO,NTYST,NS,AGR,NAHC10>,NNN,PPP,P"O,CHI, ALP,BS,INOEX,AGEC2l1,TCP(10),TSPC10>,FSP,1D1, 
SSP(10) ,FCP( .. ,10) ,SCP(4,10) ,SCC(5,i.) ,ASTl221, ACTc22,,xxxc~,.xsrcst,FC3(5t,IJK,NI,TTK~,AS(8),NS 

.z 
l 
4 
:5 

0 I t1 E_ N.·s t ClN 
1 

AME 
BB1(1l,,aa211Jt,BB3C1Jt,884(13),CC1(12),001C121,002C1Z), E£1(12>,EE2(121,EE3(12l,EE~(12>,NU~(2),LASTl8J,NAST(13J, NAC0(24>,FSUC81 2 

DATA 
DATA 

1 
t 
J 
4 

DATA 
1 
z 
3 
4 

OATA 
1 
-2 
3-
·'+ 

DATA 
1 
2. 
3' 
4 

DATA 
1. 

DATA 
1 
2 
3 

A1,A2,A3 / -4,22877E-02,1.21952E+00,•1,78268E-01 / (981(LI ,L=1,131 / -5.243505E-02,-4.&9&Q32E•C2,-6.035769E-OZ, 
-6,380~JOE-02,•7,880080E-02,•6,9217D2E•02, 
-5,3212&3E-02,-7.l~&071£-02,-5.867267£•02, 
-4,122982E-11,-2,&71&31E•u2,-1.~02721E-02, a.a 1 

~ '3 8 2: <:L t , L = 1 , 1 3 > / 1 , 13 2 3 3 3 E - 0 3 , - 1 • 1 7 2 8 9 2 E - 0 2 , 
3.S91SS2E·03,-7.619116E•01, 
2,914934E-03, 6,196370E•OJ, 
1,l+21067E•OJ, t.39988l+€•02,_ o.o / 

C'3B3CL1 ,L=l,13) / 1.150196E•01, 
1;203677E-~1, 
1,129ltu6E-01, 
2,2G2793t.•02, 
0,0 I 

(· .3 B 4 ( L ) , L = 1 , 1 3 t / 5 , 2 2 8 0 71 E - 0 2 , 
5,6713J3E•02, 
3.7o283JE-O?, 
1.605J62E•02, 
o.o / 

1.00150JE-01, 
1.1+59753F.-01, 
1.384711£-01, 
4. 434756E~02, 

5. 943141 E-u2, 
5.92Q295E•02, 
4.606148E-02, 
9.228446£-03, 

8.910628£-03, 
8,435 512 E •OJ, 
2. 294&11E·O .. , 
& • 093485 E•O l. 

1. 2w & 7 7 SE• O 1, 
1,364500E-01, 
1.18598'+E•01, 
3.24i.ssue.-02, 

2. 659559E-02, 
4. 3939 .. 8£-02, 
4, 857612E•02, 
1. 39S361E-D2, 

(CC1(Ll,L=1,121 / ~000,,475C,,~3S~.,4000,,47S0,,43SO,, 
400L,,4750.,4JS0.,~000,,4750.,4350. I (001Clt,L=1,12) / -6.&82990E-03,-6.568803E-0~,-2,88~724E•OJ, 
-6,&82990E-03,-6,S68803E-04,-2.886724E-03, -a. , -o. , -o. , 
-0, ,•O. ,-0. I DATA (002(Lt,L=1,121 

1 
I 2,~S3774E•02, 1.500002E-02, 2.0J1l01E•02, 

2.45377l+E-02, 1.500002E•02, 2.031301E•02, 2 -o. 
J -o. 

,-c. 
,-a·. ,-o. 

,-o. t ,. 

I . 
• J 



c: 

.. 

QAT·A CEEl(Ll,L=l,12) / -1,280123E-02,-~.6~0735F-03,-1.5919&6E-02, 
1 -o. ,-c. · ,-o·. , 
2 -1.2801Z3E-OZ,-&.&~0735E-OJ,•1.59196&£•0Z. 
3 -o, , -c • , -o • / • OAJA .fc/t.2-C.L). ,L=l,1.2) I 6, 754t~OSE-03,-J.313725E-03, 6. 't88917E-03, 
1 -o. ,-~. ,-o. :, 
2 6,754~05E-03,•J.313725E-Ol, 6e488917E-03, 
3 .· -a. ,-t. ,-0. I 

DATA C"EEl(L) ,L=i,12) I -5.980912E-04,-J.7069&4E-OJ, 2.560218£•03, 
1 -o. ,-o. ,-o. , 
·2 •5,980912E-04,-3,7069&~E-Ol, 2.560218£•03, 
3 -0 , , - 0 , , -a • I 

DATA (£·E~(l) ,L=l,12) I 1,609097E-~2, 1.~~8&82E-t2, 1,15l427E-02, 
1 -o. ,-Cl. ,-o. , 
2 1,&09097~-02, 1,'+08682£-02, 1e1S3427E-02, 
3· -o. ,•C, ,-0, I 

:-i:lA :r :A . (·A G ~ C L t , L = 1- , 2 -~ ) I 1 • , 2 , , 3 , , S , , 7 • , 1 0 • , 2 0 • , 3 D • , 5 0 • ~ 7 G • , 
.1 1 0 0 • , 2 0 0 • , 3 0 C • , 5 O O • , 1 0 0 • , 10 0 0 • , 1 S O O • , 
·'2 3 0 0 0 , , 5 G O O • , 7 0 0 t , , 1 0 0 0 0 , , 2 Q O C O • , 3 6 5 0 0 , / 

DATA <FSU(l) ,L=1,8) / 31,,31.,31,,41,3,41,3,1+1,3,31,,41,3 / 
DATA (AS(Lt,L:1,8) / ,115,,117,.1155,,156.,153~,1535,,117,,1531 
DATA (LAST(Lt,L=1,8) / 10HBET 7f16,10HCFI 7/16,10HUSS 7/16• 

1 10HBCf 1/2,10HCF'I 1/2,iOHUSS 1/2, 
2 10HLOK 7/16,1CHLOK 1/2 / 

JATA <NAST(lt ,L=1,13:t / 10HA&:JS - A'37 ,10HAC5 - AC8 ,10HAU5 -
1 10HB85 - 898 ,10HBCS - BC8 ,10HBU5 -

~-~ 2: 10HAB5 - AU~ ,10HBB5 - BU8 ,10HAB5 -

AU8 , 
BU8 , 
BU8 , 
KC8, 

77~ 

7.u 7 

l 10HLC6 - LC8 ,1~HKC6 - KC6 ,10HLC& -
4 10HOCO - 000 / 

·"OA.T·A· ·fN.ACO(Lt.L=i,·24> / 10HAA - PA ,1CHAC 
1 10HAA - PA ,1 C HAC 
2 10HAA - PA ,10HA: 
J 10HAA - PA ,1~HA: .. 

. 4. 10H , 10 H 

5 10H NOCR,1~H 
6. 1nH NOSH,1UH 
7 10H NOCRSH,1CH 

o·A·r A C N A '-1 ( L t , L = 1 , 1. Cl > / 3 H 1 • 3 H 2 , 3 H l , 3 H 
1 3H 6•,3HJ••,3H&••1 

JATA ( NUM(l) ,L=1,2) I 6,l+ I 

- PC 
- PC 
- PC 
- PC 

,10HAA - PC 
, 10 t-f AA - PC 
,10HAA - PC 
, 10HAA - PC 

' ., 
' 
' 
' , 10 H 

NOCR,1uH 
N0SH,10H 

NOCRSH,10H 

NOCR. 
NOSH, 

NOCRSH/ 
4,3H 5,3H 6,3H 3•• 

QATA IEE,IFF,IJJ,ILL,IPP,IQQ / 3HTSJ,lHTC3,2HK1,2H<J,3HTC5,3HTS5 f 

IJK=?-~I 
IF (Nf,EQ,O) GO TO 779 
GO TO 707 
IE:E=IFF i 
INuf)(:1 Foq 
INOE)(=2 FOR 
INDEX=! 

IJJ=ILL ! IPP~IQQ 
LOADING CASE 
UNLOAD ING CASE 

IF ({PPP ,EQ, J,0) 
NNN=NU~(!NDEXt 

.ANO, (Pf"'O ,EQ, 0,0) I INOEX=2 

91 =3t31 < NSUST t 
32= 932 ( NSUST) 
B3=B93(~SUST> 
t3it= 894 < NSUST > 
C1=1t0,0/CC1(NSUCO) 
01=001 (NSUCO> 
02=002 < NSUCO t 
c.1=EE1 tNSUCO> ( 

;·~82-

\' 

·,1 

. ' 

. ,, ,.~ .. 



.,. .. 

.. 

... 

£2=EE2 C NSUCO) 
E3=EE3CNSUC0t 

,.-w.. -- .~ - ..• EC.;;E£'6 (~SUCO t ;_• , ... .... --
00 100 J=1,22 
IF (NI.£Q.O) GO TO 605 
ASTIJt=AGEfJ)•TSPfl) 
GO TO 100 

605 ACTCJl=AGEIJ)tTCP(3J 
--=---100 C0b1IINU£ ~--··-~- . -~-,. 

C 

BS=NS•AS(NTYSTI . 
ALP=FSUINTYSTI/ASCNTVSTt 
IF CFSP(IJKI .EQ, O.Ot CALL FFFCFSPCIJKl,SSPIIJKJ,0,C) IF CSSPCIJK) .EQ. a.o, CALL SSSCFSPCIJKl,SSPCIJKl,0.01 
IF <NI,EGI. OJ GO TO 488 <', 

TIHE3=TSPCJI S TIHES:TCPlS> 
GO TO 169 

488 TIME3=TC?C3) S TIHES=TSP(St 
169 PRINT 2000, NAST (NSUSTl 

PRINT 2001, NACOINSUCOt,NACO(NSUC0•12t 
PRINT 2002, LAST(NTVST) 
PRINT 2003. NS,8S,XXXC3J,AGR,CHl,XXXl11.XXX(4l,IJJ,IEE,TIM£3,Ij~$ 1 SPflJK),lJK,FSP(IJKt,PPP,PHO,IPP,TIHE5 
RETURN 

20{;0 FORMAT (1H1/l/l15X•TYPE OF STEEL SURFACE•1ox•1•3X,A9} 2001 FORMAT (///15X•TYPE OF CONCRETE SURFACE•7x•a•3X,2A1Gt 2J02 FORMAT (//l15X•TYPE OF PRESTRESSING STRANDS t•3X,A1DI 2003 FORMAT C///1SX•NS =•I18//1SX•AS =•F11.41115X•XS =•F18.~/l///15X 1•Ac =•F18.41/1SX•Ic =•F18.4/l1SX•XTOP=•F18.4//15X•XBOT=•Ft8.4//I 2//15XA2• = •Al,• =•F10.4//15X•K2 = ss•I1,• =•F1o.4,2ox•Fs•I1 3,• =•F10.4/////15X•P =•F18.2//15X•M =•F18e2//15XA!• =•F18.2t ENO 

suaROUTIN£ PREOI (TS,P,PH,FS,SS,FC,SCI 

C PREDICTED VALUES OF STRESS ANO STRAIN IN STEEL 
C: 

. 108 

233 

COMMON 
1 

I _CONST I A1,A2',AJ.s1.a2.aJ,84,C1,01,02.,03,D4.E1,E2,E3,E't, 
NSUST,NSUCO,NTYST,NS,AGR,NAH(10J,NNN,PPP,PHO,CHI, AlP,0S,INOEX,AGEC2Jl,TCPC101,TSP(1Dt,FSPC10t, 
SSP(10t,FCPC4,10l,SCP(4,10l,SCC<S,4t,AST(221, 
ACTC22),XXXC4,,XST(51,FCJC51,IJK,NI,TTK4,AS(8J.NS 
AME 

2 
3 
4 
5 

COMMON I COEFF / Q1,Q2,G1,GZ 
DIMENSION FC(1t ,SCC1J 
TIM=ALOG10(TS•1.0) 
P1=ALP• Ai 
IF C(NI ,EQ. OJ .ANO. CTS .. EQ, O.O) t GO TO 108 
?2=ALP•CA2-B1-B2•TIHI 
Pl=ALP•CAJ-8l•B4•TIHI 
IF (NI eEQ. 01 GO TO 281 
GO TO 23.3 
P2=ALP•A2 i ~3=ALP•A3 
GO TO 281 
IF (TS .EQ. TSP(3JJ GO TO 100 
TIN=ALOG10CTS•TSP(J)+1.0t 
Q1=01+E1+102+E2t•TIM 

\ 

.... 

.,. 



C 

281 

601 

602 
100 

101 

858 
17'+ 

1C 2 

10 3 

12C 8 
120 9 

200 0 

GO TO 601 
TIME=ALOG10 (TS+TCP(JJ •1,0t 
QQ1=01 t02•TIME 
IF CTS .EQ, 0,0> GO TO 602 
Q1=QQ1 •E1+E2 •TIM 
Q2=C1t::3•E~•TIM 
IF (NI .E:Q, 11 GO TO 101 
GO TO as, 
Q1::QQ1 
IF (NI .EQ, 11 Q1=0,0 
Q2=C1 
IF (NI • EQ, 0) GO TO 858 
OUM=SSP ( 11 •Q1 
GO TO 17~ 
OUM=TTK~•Q1 
R1=P1+?2•ouM+?3•0uM•OuH 
R2=-Q2•(P2+2,0•P3•0UMt 
R3=P3'Q2"'Q2 
CG1=•(P•XXX(3t+~~I/C~I 
CG2=AGR•XXX(3)/CMI 
AAA=R2+1,0 
9BB=RS•XXX(3)•CG1 
CCC=XXX(3)'CG2+1,0 
W1=R1'3S•P+AAA•d89+R3•BB9'XXXC3,•CG1 
W2=(AAA•es+2,0•R3•BBB>•CCC-AGR 
Wl=Q1•9s•ccc•ccc 
ooo=w2•w2-~.o•w1•w3 
IF CODD ,GT, ~.O> GO TO 102 
PRINT 2000 
CALL EXIT 
CONTINUE -
G1 = < • W 2 • SQ r;, T ( DO O > > / C 2 • 0 • W3 t 
IF (G1 ,LT, u,0) G1=(-W2-SQRT(000)t/(2,C•W3f 
G2=CG1+CGZ•G1 
DO 103 I=1,'+ 
FC ( I) = G 1 + G 2 •XX X C I) 
SC C It =Qi +Q2•FC< I) 
CONTINUE 
IF (NI,Et'J, 01 GO TO 1208 
SS=SS?(1)-SC(31 
GO TO 12C9 
SS=TTK4-SC (31 
FS= (}(1•RZ•Fc (Jt +R3•Fc (3) •Fe (3 t J /ALP 
~ETUR~ 

., 

FOR~AT ,•1•1111ox•IMPROPER SOLUTION OF QUAOQATIC EQUATION•t 
END 

SU~ROUTINE POI~T 

PR~OICTEO ~ALUES AT INITIAL -STRETCHING, RELEASE, LOADING, 
ANO UL TI"1ATE 

COHMO" I CONST / 
1 

: .. 

~1,~2,A3,B1,R2,B3,34,C1,D1,D2,03,D~,E1,EZ,E3,E~, 
NSUST,NSUCO,NTYST,NS,AGR,NAMC10t,NNN,P~P,PHO,CMI, 
ALP,BS,INOEX,AGE(231,TCPC10t,TSPC10,,FSPC10t, 2 

3 S S P C 1 0 J , F C P C lt , 1 0 ) , SC P ( 't , 1 D t , SC C C 5 , 4+ > , A ST C 2 2 t. , 

-84-

b 



Cl' 

~:. -'l· . ' -; 

i· 

.. 
5: 

ACTf221,XXXC~),XSfl51,FC3(51,IJK,NI,TTK4,AS(8),NS 
AME 

DIMENSION OUH(SI 
IF (NI .EQ, 01 GO TO 707 
TCPC11=TCP(21=TCP(3J=TSPC1J=O.n 
TSP(2t=TSP(3) 
SSPC2t=SSP(1t 
CALL FF F CFS P ( 2 I , S SP ( 1 I , TSP ( 2) ) 

_ GO, TO 7 0 8 . . 
707 TSPC1>=TSPl2)=TSPC3)=TCPC11=0.0, 

TCP(21=TCPfJ) 
J:"SPC1)=SSPf1t=O,O 
t(JJ=2 

:708 IF (NI .Ea. u) KJJ=1 
00 99 I=1,'+ 
·oo gg J=1, KJJ 

i3 FCPCI,Jl=SCP<I,J>=G.C 

'· 

._ ............ 

CALL PREJI {TS?(3),0,0,0,0,FSP(3),SSPC3),FCP(1,3),SCP(1,31) 
IF (XSTC1> .NE. 0,0t CALL PRECS fSCC<1,1>,FC31 
G~ TO (1J0,1C2t INDEX 

til..a IF I NI • EQ. 0) GO TO 483 
TCP(4J=TCP(51 
TCP(7)=TCP(C3t=o.c 
T C P < 'i ) = T C P < 8 t = T C P C 1 0 J = 3 6 5 0 -0 · • 0 
GO TO 17 8 

483 TSP(~)=TSPCSJ . 
TSPC7J=TSPC91=0,C 
T S P ( 6 t = T SP ( 6 ) = T S P f 1 0 l :: ~: (>":5 Q Q •· 8' 

178 DO 101 I=4,10 
I F' ( N I • i Q • C > G O T O 71 z: 
TSPCI>=TCPCIJ+TSPC3t 
GO TO 1 Q 1 

712 TCPCil=TCPCJt•TSP(II 
1Cl CONTI~UE 

CALL PREDI (TSP(4),0,0,0,0,FSP(4t,SSP(~J,FC?(1,41,SCP(1,4Jt 
IF ( X S T ( 1 J • NE , G , u 1 CA L L PR c- C S ( S C C I 1 , 2 ) , 0 UM I 
CALL PREDI (TSP(8),0,0,0,0,FSP(8t,SSP(8),FCP(1,8),SCP(1,811 
FSP(7t=FSP(3t 
SSPl7t=SSP(3t 
DO 5CO !=1,4 
FCPCI,7l=FCP<I,J> 

5C.Y SC?(I,7t=SCPII,3) 
DO 201 !=9,10 

,.2 C 1 CA L L PR E 1 I ( T SP f I I , PPP , PM O , F S P C I > , S S P C I I , F C P < 1 , I t , S C P ( 1 , I I t 
DO 202 I=S,6 
CALL 0 ~E0I (TSP(!) ,PPP,PMO,FSP(l),SSP(l),F~PC1,I) ,SCP11,I)J 
IF (XST(1) ,NE. r.o, CALl PRECS(SCC(1,I-21,0UH) 

2:0 2 CON T I ~ U t 
GO TO 103 

ta: 2 IF ( NI , Ea , r > GO T O 71 4 
TCP ( L+t =3650-0 .• 0 
TSP(4J=TCP(4t+TSP(3) 
GO TO 715 

'11 l+ TSP ( 4 J = 3 65 0 0 ~ 0 
TCP(4)=TSP(41+TCPC~> 

~ 

715 CALL ?REOI (TSP(4) ,o.o,t.O,FSP(t+),SSP(4),FCP(1,tt),SCP11,'+)I .. 
IF (XST(11 .NE. ~.01 CALL PRECS(SCC(1,2,~ouHt 

1·0 3 0 I F = F S P C I J K ) - F SP ( N N N ) 

..,, .. 

.. ~. 

:_, 

.. 

.. 



. ~ 

·-·. 

C 
"'-~-· 
;I,., 

C 

, 

PRINT 2000,IJ(,IJK,IJK,IJK,IJK,NNN 
00 10'+ I=1,NNN 
IF ((I .LE. za .ANO. (NI .t.Q. 0)) · GO TO 10ft 
DEL =FSP ( I J K) -s:-sp (I) 
OT A=OEL/FSP ( I Jt< > 
FRA=DEL/OIF 
PRINT 2001, NAH CI> ,TCP(Il,TSP(IJ ,FSP(II ,SS?(II ,OEL,DTA,FRA 104 CONTINUE 
GO TO ( 10 5 , 10 71 IN OE X 

1D5 00 106 I=7,1C,2 
PRINT 2002 
J=I +1 
OEL=FSPfI JKI-FSP <It 
DTA=O::L/FSP (IJK I 
FRA=DEL/OIF 
PRINT 2001, NAM (I) ,TCP(It ,TSP(l),FSP(I) ,SS~(II ,OEL,OTA,FRA 
OEL=FSP ( I Jt() -FS P ( J) 
OT A= OEL/FSP CI Jt<) 
FRA=DEL/0 IF 
PRINT 2~01, NAM(J) ,TC.P(Jl,.TSP(J) ,FSP(J) ,SS 0 (J),OEL,OTA,FRA 

1C o CONT I~UE 
107 PRINT 2002 

PRINT 2003 
DO 1C3 J=1,NNN ) 
IF <<J ,LE. 21 .AND. (NI .Ea, Qtt GO TO 108 
P~ I NT 2 u a'+, NAM f J) , TCP ( J t , TSP ( J) , ( ( FC P < I , J J , SCP (I:, .JJ· l, t=l, 1.+l 

1l:8 CONTI~UE 
GO TO (109,800) 'INDEX 

.f O 9 0. Q 3 0 0 J: 7 , 1 0 , 2 
PRINT 20tJ2 
K=J+1 
PR I N T 2 0 0 4 , < < N A t-1 ( L ) , TC P lL > ,, TSP· ( LJ , ( ( F C P ( I , L > 9 S C P < I , L > t , I = 1, '+ J I , L = . - . . 

l J, Kt 
3.0 0 GO N T I NU E 
8GO ~ETU~N 

·2: J O O FOR ~ A T ( 1 H 1 / / 11 X • X = XS • / / / / 1 0 4 X " F S • I 1, • - F S • 8 X • F S • I 1 , • - F S • / 11 X 1•P0INT•14x•rc•14x•rs•14x•Fs•1~x·ss•,x•Fs•11,• - Fs•ex•--------•1x• 2---------·,1~7X•Fs•I1 ,9x•Fs•I1, • - Fs•111,, 
2:0 0 1 FOR t-. A T { 11 X , Al, 2 X, 2 F 16 • 2 , 5 F 1 & • ~) 
20·0 2 FOR t1 AT C /) 
20.03 FORt-4AT (///SGX• X =XTOP•11x•x = 0•19x•x = xs•11x•x = xaor•,,rx•POtN 1 r•1 c x•rc•1 o x•rs• 4 <1 o x•Fc• 10 x•sc•, 11 • 
:lu04 FOR~AT {7)(, A3,2 X ,2F12 .2, 8F12,~) 

~NO 

SUdR·:Q:UTINE ACTJ> A TH 
\ 

3 - 6 <FOR P~ETENSIONING 0~ FOR POST-TENSIONING, 

t.0.1 {~ o:N I CO NS T I A 1 , A 2 , A 3 , 8 1 t ~ 2 • 9 3 , 9 4 , C 1 , 01 , D 2 , 0 3 , D l+ , E 1 , f 2 , E 3 , E: 4 , 1 NSUST,NSUCO,NTYST,NS,AG~,NAM(10J,NNN,P?P,PMO,CMI, 2 ALP,BS,INDEX,AGE(23),TCPC10t.TSP(10),FSP(10), 
.. 3 S S P ( 1 0 > , F C P ( 4 , 1 0 > , SCP C 4 , 1 0 l , SC C f 5 , 4 > , A S T t 2 2 ) , 
·4 A~ T ( 2 2 t , XX X ( 4 t , XS T C 5 t , F C 3 ( 5 ) , I J K, N I , TT K 4 , AS ( 8 t , NS S AHE 

OI:M c·NS I QN· :o EL f 2 , '+) , D TA I 2, 4 > , F ~ A ( 2, 4 ) , DI F < 2 t , SC S I 5, 2 2 I 

. . ....... 

T 
I 
'·· 

,. 

" 

·rJ 



" . . ... 

( -

..... 

DIMENSION FCT(~,221,SCT(4,22t,DU~C5) 
LAa=3~ 
IF (INDEX .Ea. 2) GO TO 101 ' 
00 1,0 J=1,22 ~ 
IF CNI .EQ. Cl GO TO 811 
IF (AGE<J> .LT. TCP(5)> GO TO 100 
GO TO 813 

811 IF (AGE(Jt .LT. TSP(S)l GO TO 1CO 
813 JJJ=J-1 

.KKl(:J 
IF (NI .::a. 01 GO TO 812 
IF (AG~(Jt .EQ. TCP(5)1 KKK=J+1 
GO TO 102 

812 !F (AG~(Jt .Ea. TSPfS)) KKK=J+1 
GO TO 102 

1CO CONTI~UE 
101 JJJ=22 
1~2 PRlNT 20~0, NNN,IJK,IJK,IJK,IJK,IJK,NNN,IJK~NNN 

D!F(1):F~P(lJKI-FSP(NNN) 
OIF(2)=FSP(3)-FSP(NNNt 
DO 1C3 I=3,NNN 
L=I-2 
JE~<1,L>=FSP(IJK>-FSP(I) 
JTA(1,L>=DELC1,L)/FSP(IJKI 
FRA<1,Lt=DEL(1,L)/OIF(1J 
D £ L ( 2, L) =F SP ( l) - FS P (I) 
JTA(2,L>=OEL<2,Lt/FSP(IJKJ 
F~A(2,L>=DEL<2,L)/0IF(2) 

103 CONTI~UE 
~RINT 2CC1, NAM(3J,TCP(3t,TSP(31 ,FS 0 (3) ,SS~(J), 

1 C <DEL (I, 1 J , D TA (I, 1) , F RA <I, 1 > ) , I= 1, 2) 
P~INT 2002 
JO 10~ J=1,JJJ 
IF (NI .::.O. Ct GO TO 277 
GALL 0 RfJI (AST (J) ,c.o,o.o,FS,SS,FCT(1,J) ,SCT(1,J)) GO TO 278 - --

277 CALL P~EDI <AGE(J) ,O.O,O.O,FS,SS,FCTC1,Jt,SCT(1,Jtt 
278 IF (XST<1, .N~. c.c) CALL PRECS (SCS(1,J),DUM) · 

AAA=F5P(IJK>-FS 

279 
1 ( l+ 

1 

3~9=AAA/F='S?(IJKt 
CCC=AA4/!JIF ( 1) 
ODJ=FSP(lt-FS 
c.Et::=OiJD/~SP(lJKt 
FFF=OJ')/J!F(2) 
IF <NI .~a. 
PRINT ?0~1, 
GO TO 104 
P~INT 21:01, 
CONTI"IUf 
PRINT 20'J2 
PRINT 20..,1, 

~) GO TO 279 
L A 9 , A GE C J t , A ST < J l , F S , S S , A A A , 8 Ba , CCC , 0 DO , E ~.E , F F F 

LAq,ACT(Jt,AGE(J),FS,SS,AAA,gas .• ccc,006.EEE,F~f 

NAt-4 (4) ,TCPC'tJ,TSP(l+),FSP(4t ,SS:>(41, 

GO TO 
1G :j P ~ l "4 T 

PRINT 

C (DEL ( I , 2 > , 0 TA C I, 2 l , F RA ( I , 2 ) t , I= 1, 2) 
(105,200) INDEX 
2 J,, 2 
2001, NAM(5),TCP(S>,TSP(Sl,FSP(5) ,ss,,s1, 

1 ( ( 0 c LC I, 3 J , D TA<-~, 3 > , F RA (It 3)) , I= 1, 2) 
PRINT 2002 
DO 10 6 J:Kl(K, 22 
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IF <NI ,EQ, 0) GO TO 280 
CALL P~EDI (AST ( JI ,PPP,PMO,FS,SS,FCT(1,J),SCT(1,J)t · 
C.O TO 2 81 

280 CALL PREOI (AGE(Jt,PPP,PMO,FS,SS,FCT<1,J,,SCTC1,J)) 
281 IF (XST(1J .NE, G.C> CAll PRECS (SCS(1,J>,DUM) 

AAA=FSP <IJKI -FS 
8BB=AAA/FS~( IJK) 
CCC=AAA/DIF ( 1) 
DOD=FSP (Jt-F S 
EEE=DOD/FSP ( IJK t 
FFF=OOO/OIF I 2t 

,: 

IF (NI ,:Q, Ot GO TO 282 ·1o1 

PRINT 2001, LAB,AGE(J),AST(Jt,FS,SS,AAA,BBB,CCC,OOJ,EEE,FFF 
GO TO 106 • 

282 P~INT 2001, LAB,ACT(J),AGE(JJ,FS,SS,AAA,'3BB,CCC,OOO,EEE,FFF 
106 CONTINUE 

P~INT 2002 
PRINT 2001, 

1 
200 PRINT 2003, 

PRINT 2001, 
1 

P~INT 2002 

NA~(6t ,TCP(6),TSP(6) ,FSP(6t ,SSP(6), 
( ( 0 EL ( I , 4 t , D TA < I, lt t , FR A ( I , 4 > t , I= 1, 2 t 
N:"N 
NAM(JI ,TCP(3J,TSP(31, 
( ( F C P ( I , 3) , SCP C I, 3) > , I= 1 , ~) 

00 2C1 J=1,JJJ 
IF (NI .Ea, u) GO TO 283 
PR I NT 2001, LA 3, AGE ( J > , A ST < J t , ( ( F Cr ( I , J) , SC T ( I, J t ) , I= 1, 4 t 
GO TO 201 

.283 PRINT 2011, LAB,ACT<Jt,AGE(JJ,((FCT<I,Jl,SCT(I,Jt),I=1,~) 
201 CONTINUE 

P~INT 2002 
,._, A~ ( '+) , TCP ( 4) , TSP ( '+) , P~INT 2J01, 

1 C CFCP CI ,4), SCP( I ,!+l), I=1,4t 
GO TO ( 2J2,300• INDEX 

ZG2 PRINT 20C2 
PRINT 2001, NAM(S) ,TCP(5),TSP(5), 

1 < < F C P < I , 5 t , SCP C I, 5) t , I:: 1 , 4 J 
PRlNT 2002 
00 20 3 J=KKK, 22 
IF (N! .EQ, 0) GO TO 284 
P~ I NT 2 0 ~ 1, LA 13 , AG c. CJ) , A ST C J) , C CFC T C I., J J , SC T (I, J > I , I= 1 , 4 t 
GO TO 20 3 

28'+ PRINT 2001, LA~,ACT<JJ,AGE(Jt,((J:"CT<I,J>,SCT<I,J>J,!=1,41 
203 CONTINUE 

P~lNT 20~2 
P~INT 20u1, NAM(6J ,TCP(6),TSP(6), 

1 , ( F C P ( I , 6 > , SCP< I, 6) ) , I= 1 , 4 > 
300 CONTINUli 

IF CXST<1t ,t_Q. G.C> GO TO 400 
PR I NT 2 0 0 5 , N·N N , < X S T < L t , L = 1 , 5 > 
PR. I NT 2 u O 6, T C P { 3 J , TSP C 3 > , ( F C 3 ( L t , L:: 1 , 5 > 
00 3ti5 !=1,5 
DO 3u5 J=1,22 _ 

'JP 5 SC S (I, JI =SCS <I, J > -s CC< I , 1 l 
00 304 !=1,5 
CON=SCC <I, 1) 
00 JC:L+ J=1,4 

lu'+ SCC<I,J,=SCC<I,J>-CON K> 

PRINT 2004, NAM C3t ,TCP(3),TSP(3), (SCC CL,1) ,l=1,5l 
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PRINT 2002 
00 301 J=1,JJJ 
IF (NI .EQ. OJ GO TO 215 
P~INT 2004, L48,AGE(JJ,AST(Jt,CSCS1L,J1,L=1,51 
GO TO 301 

285 PRINT 2004, LAB,ACTCJJ,AGE<~l,CSCS<L,JJ,L=1,51 
.J01 CONTINUE 

PRINT 2002 
PRINT 200l+, NAHl~J,TCPf•l•TSP<~>,lSCCCL.zl.L=l,51 
GO TO (31l2,800t INDEX 

302 PRINT 2002 , 
PRINT 200~, NAM(5,,TCPC5),TSP(5t,(SCC(L,3J,L=1,5t 
PRINT 2002 
DO 30 J J=K'<K, 22 
IF CNI .EQ • .j) GO TO 216 
PRINT 200'+, LA~,AGECJJ,AST(J,, (SCSCL,Jl,L=1,5t 
GO TO 303 

286 PRlNT 20~4, LAB,ACT(Jl,AGE(Jt,(SCS<L,JJ,L=1,5t 
303 CONTINUE 

PRINT 2002 
PRINT 2004, NA~C6),TCPC61.TSP(6),(SCCCL•4'·•L=1,SI 

!+~O CONTI~UE 
CiO TO (500,800,500,800t ,INDEX 

500 QALL ALTPATH 
8u0 RETURN 

. . ' ... 

2000 FORMAT (1H1///7X•x = xs•////7X•LOAOING PATH•1ox•J - •I1/////76X•Fs 1•r1.• - FS•~x•FS•I1,• • FS•16X•FS3 • FS•4X•FSl • Fs•11x•POINT•1ox• (t;· 

2rc•1ox•rs•1ox•Fs•1ox•ss•4x•Fs•I1,• - Fs•i.x•--------•3x•---------•4 3x•Fs3 - Fs•4x•--------•Jx•---------•119x•Fs•r1.2x,Jx•Fs•11,• - Fs• ~11,1gx•FS•I1,sx•FSJ • FS•I1//ll 
20u1 FORMAT <7X,AJ,2X,2F12.2,8F12,4t 
2002 FOR~AT (/) 
20C3 FOR~,AT (1H1///7X•LOA0ING PATH•1ox•J - •I1/////4gx•x = XTOP•17X•X = 1 0•1gx•x = xs•11x•x = xeor•111x•POINT•1cx•rc•1ox•rs•i.11ox•Fc•10x•s ZC•)·////) 
2004 FORMAT (11X,A3,2X,2Fio.2,SF16,4) 
2~C5 FOR~AT (1H1///11X•LOA0ING PATH•1ax•J - •I1///11X•sc - SC3 VALU 1~s· 111111t•PotNr•1~x·rc•14x•rs•scox•x =•F1.2,111t 2u0o FORMAT (11X•FCJ •2F1&.2,5F1&.4///t 

END 

SU9ROUTINE ALTPATH 

(At ,~, LOADING PATH 
LOADING PATH 

.. 

COMMO~ 
1 
2 
3 
4+ 

/CONST/ A1,A2,A3,a1,92,~J,J~,C1,D1,0Z,03,0~,E1,l2,E3,E~, 
NSUST,NSUCO,NTYST,~S,AGR,NAM(10J,NNN,PPP,PMO,CMI, " 
ALP,BS,INOEX,AGE(231,TCPC10t,TSPC10t,FSPC1QJ, 
SSP(101,FCP(4,10),~CP(4,10,,scc,s,~>,4STl22), 
ACT(22J,XXX(~l,XST<5>,FC3C5),IJK,NI,TTK4,AS18J9NS 

5 
DIMENSION 
0Ii1F.NSION 
LAB=3H 
P=u • J 

A~1E . 
0IF(2> ,OC:lf21 ,OTAc2, ,FRA(~) 
FCTC4,22t ,SCT f4,22t 

/ 



I 

. 
• 

. . ~ . ' 

C~:J,a 
1(1( ,(: 3 
IF Ct:"QEX ,EQ, 1) 6<KK=7 

t l..- C L L L = < < I( + 1 
JIF(11=fSP(lJ<)•FSP(LLLI 
JIF(2)=rSP<K<~t-FSP<LLL) 
~~~(1)=~SP(JJK)•F'SP(KKK) 
JTA(11=D~L<1t/FSP<IJK) 
F~A(11=0£L(1t/QIF(11 
OEL<2t=OTA(2)=FRA(2>=0,L 
Phi?INT 2CluC, ~JAM(l(l(l(t ,NA,-,CLLL) ,IJt<,IJK,IJ'<,IJl<,IJK,NNN,IJK,NNN 
0 ~INT 2Cj1, NA~(<K(J,TCP(<l(K),TSP(KKt<l,FSP(Kl(Kl,SSP(KKKt, 

t ( ( 1 C:. L ( L. I , D TA < L > , Fq A ( L I t , L =1 , 2 I 
P~~NT 20u2 
.JO 1~1 J=1,22 
IF (NI ,:'.Q, 0 t GO TO 287 
CALL PPF.QI (AST(JI ,P,P~,FS,SS,~CT<1,Jl,SCT(1,J)I 
<;Q TIJ 28~ 

2o7 CALL =>Rt"QI (AGF'(J),P,PM,FS,SS,~CT(l,J),S~T(1,Jt) 
2 8:·-'.i J..:: l l 1 ) = F 5 P ( I J ,<) - F S 

JTA(l·)=O~l(tl/~SP(!JK> 
FR ,l < lJ = 0 ~ L < 1 I / 0 I F < 1 I 
J =: L. (2 l = F' 5 P ( K K I( ) - F' S 
QT~(2l·=O~L(2)/FSP(IJK) 

.F~ A< 2) = D ::L ( 2 I /DI F ( 2 ) 
1 F C\J I • ~ Q • n t G J T O 2 8 g 

P~lNT 2Q11, LA~,AG;:· (J), AST(Jt ,·J:s, SS, ( (!JE.L (LI ,DTA(L) ~FRA (LI) ,L=1,2t 
r;o Tt'1 1C1 

2 t; '1 P -~- I. N T 2 G ti 1 , L ~ a , A C T ( J > , A G € ( J ) , ~ S , S S , ( ( u E L ( L I , D T A ( L t , FR A ( L t I , L : l , 2 t 
tu:i C.ONTI"JUE 

P~ INT 2 CO2 
J~~(ll=~SP(IJ<t-FSP(LLL> 
J TA ( 1 > = 0 ~l ( 1 I IFS P ( I J Kt 
F~A<1>=D~l(1t/0IF<1I 
q~L(2)=~~P(K(<l-FSD(LLL, 
UTA(2)=0:l(2t/FSPCIJK) 
F~A (?.t =O::L (2, /DIF (2 I 

~~INT 2 0 0 1 , NA~ (LL L ) , TCP < l L l t , TSP ( L l L J , F SP (LL l t , S SP (LL L > , 
1 < (rJEL(L) ,DTA(Lt ,FRA(L) I ,L=1,2t 

P K l ~ rr 2 C r. 3 , N ~ M C K K K ) , f\ A M ( L L L t 
i:)~i~J 2J)1, NA.'1(t(K,<t,TCP(Kl(K),TSP(Kl(Kt, 

1 (C~CP<I,KKK>,SCPC!,KKK)t,I=l,~J 
?~INT 20~2 
00 2J1 J=l,22 
IF (NI • -:Q • :1 , GO T O 2 g ~ 
P~- IN: 2 [ 21 , LA 9, AG:. ( J) , t- ST < J t t: ( tf C. T ,(I, J I , SGT ( I, J) t , I= 1 , 4 > 
Gu rn 201 

2 9 ~ ~ ~ I i" T 2 IJ ( 1 , 
~Gl ::o.~TINUE 

P~"'NT ?CC2 
~~INT 2~]1, 

1 
IF .<< 0 .~a. 
.KKK :g 
P=PPP 
PM=P.Mj 

·GO TO- 1.0~ 
»3 u O ~E TU~~ 

,. 

LA] , ACT < J) , A GE ( J t , ;( < F·C T ( I , J ) , SC T ( I , J t ) , I= 1 , 4 t 

. 
NA '1 ( LL L ) , T G F (LL l) , TSP ( L LL ) , 
( (FCP(I,Lll) ,SCF(I,LLLt t, I=1,4t 
P pp > , ANO • ( P '"1 • t Q. P ~ 0 t J GO TO 8 o·o 

I 
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zaoo FORHAT (1H1///7X•x = xs•111,1x•LOAOING PATH•1GXAJ• -•A3//lll76X•Fs 
1•I1,• - FS•~x•Fs•I1,• - FS•16X•FS3 - FS•4X•FS3 - FS•11x•POINT•1ox• 
2rc•1ox•rs•1ox•Fs•1ox•ss•~x•Fs•I1,• - Fs•4x•--------•Jx•---------·~ 
Jx•Fsl - Fs•~x·--------•Jx•---------•119x•Fs•11,2x,lx•Fs•I1,• - Fs• 

' ~I1,19X•FS•I1,SX•FSJ • FS•I1///l 
2001 FORMAT f7X,A3·,2X,2F12,2,8F12.4t 
2002 FORMAT 111 
2003 FORMAT (1H1///7X•LOAOING PATH•1CXA3• -•AJ/////~9x•x = XTOP•11x•x = 

1 0•1gx•x = xs•11x•x = xaor•,11x•POINT•1ox•rc•1ox•rs•~c1ox•F:•1ox•s 
2C•t////t 

ENO 

SUBROUTINE PRECS CSC,FCJ .. 
'~-

C ~ONCRETE STRAIN FOR SP~CIFIEO VALUES OF X 
_C: 

1Gu 

co dt-0,~ 
1 

I CONST I A1,A2,A3,B1,82,83,B4,C1,D1,02,03,04,E1,l2,EJ,E~, 
NSUST,NSUCO,NTVST,NS,~GR,NAMl10),NNN,PPP,PHO,CHI, 
ALP,8S,INOEX,AGEC23t,TCPC10J,TSF<10>,FSPl10), 2 

3 ,. . 

S S P ( 10 ) , F C P ( 4, 1 0 ) , SCP ( 4 , 10 ) , SC C ( 5 , t. > , AST ( 2 2 J , 
ACT(221,XXX(4),XST(5),FCJ(5),IJK,NI.TTK~,AS(8),NS 

5 AHE 
COM~ON I COEFF / Q1,Q2,G1,G2 
DIMENSION SC(1) ,FC<1t 
00 14.0 I=1,S 
FC<IJ=G1•G2•XST<IJ 
SCCI)=01t02•FC(I) 
RETURN 
ENO 

SUdROUTINE SURST CFF,SS,TA,T9) 
. 

:c ST~£SS-STRAIN-TIME SURFACE OF PRESTRESSING STRANDS 
C· 

COMMON I CONST/ B1,S2,8J,A1,A2,AJ,A4,TfM(2l0) 
aATA ~FF,MSS I 3HFFF,3HSSS / 
t::NTRY FFF 

1 Ci O M ~ · ·1 = H F F 
IF ((SS,LT,G,ll,OR.(SS.GT.0.9)t GO TO 5C1 
IF <TA , E Q, jj • 0 f) t GO TO 101 
IF CTA.LT,0,01t GO TO 502 
TT=ALOG10(TA+1,0) 
FF=B1+ss•cq2-~1-A2•rr+ss•ceJ-AJ-A*•rr,, 
IF C(FF,LT,0,11,0R,(FF,GT,0.9)) GO TO 5C6 
RETURN 

1U1 FF=B1•SS•(92+SS•B3) 
IF ((FF,LT.O,J>,OR.(FF.GT.L.9)) GO TO SC6 
R::ru~N 
ENTs.,y SSS 

2 C O MM 11 = M S S 
IF ((FF.LT,O.Jt ,OR. (FF,GT,0.91 I GO TO 5CO 
IF (T4.EQ.0.00) GO TO 201 
IF (TA.LT.O.Oit GO TO 502 -r 

TT=ALOG1l<TA+1,0) 

- ·.,. __ 
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CA=A3t-A4•TT-03 
CB=A1+A2•TT-B2 
CC=FF- ~1 
~o=cs•c9-~.o•cA•cc 
IF (CO.LT,O.tt GO TO 503 
SS=-o.s•cc3+S~~T(CO))/CA 

... 

IF ((SS.LT,C,3),0R,<SS,GT.0,9)) GO TO 507 
~E TUR~ 

201 CD=B2•~2-4,0•Jl•(B1-FFI 
IF CCO,LT,0,0) GO TO S03 
SS=0,5• (SQ~T fCO)-t'32) ,'33 
IF ((SS.LT,O,Jt ,OR,(SS,GT.0.9)1 GO TO .S:C7 
~:: TUR~ 

SCJ P~lNT 2~u0, 
501 P~INT 2001, 
5 0 2 P ~ I NT 2 0 1J 2 , 
Sul PRINT 201J3, 
506 PRINT 2006, 
5u7 PRINT 20')7, 
6CG CALL ~XIT 

~MM,J:F 
~,1H, SS 
MMM, TA 
MMM, FF, TA 
t-1MM,SS,TA ,FF 
111'1~, J:F, TA ,SS 

,jQ TO 
GO TO 
GO TO 
GO TO 
GO TO 
GO TO 

600 
600 
6~0 
&00 
60 0 .. 

600 

20u0 FOl:.'?~AT (8(/1 ,1ox•suBROUTINE•5><,A3///10X•INl0~1SSIBLE STRESS INPUT 
1VALU[•qx•F =•F14,41 

2·J.01 FO"(MAT f 6(/) ,10 X•SUBROUTINE•5X,A3/l/10X•INA0HISSI8LE STRAIN INPUT 
.1\JALUE•gx•s =•F14,i+) ..) 

.2\lu2 FORt-'AT (~fl) ,10X•SU8ROUTINE•SX,A3///10X•IN40MISSIBLE TIME INPUT 'IA 
1Lu~•11x•r =•F14,4) 

2003 FORMAT <~,,~.1ox•sus~OUTIN~ 4 SX,A3///10X 4 INADMISSidLE CO~BINATION 0 
1F INPUT VALU~s•gx•F =•F14. '+//59X•T =•F11+,4t 

? 0. .G: 6 F O ~ ~ AT < 8 ( I > , 1 0 X • S U 8 R OU T IN E • 5 X , A 3 1111 0 X • IN A OM IS S I 8 L E C OM B I NA T I ON 0 
1F INPLJT VALU:s•9x•s =•Ft4.l+//59X•T =•F14.it////59X•F =•Fil+,41 

2.fiL7 ~ORMAT ,~(/) ,1JX•SUAf;OUTINE•SX,A3///10X•INAOMISSI6LE COMBINATION 0 
1F lNPUT ~ALUES•gx•F =•F14.l+//59X•T =•Ft4.4////59X•S =•Fil+.41 

c ~• D '"' 1.1 • 

• 

o· 
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