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ABSTRACT

Long term prestressing loss is one of the major concerns for deterioration of prestressed concrete containment structure.
Long term prestressing loss was observed to be substantially higher than the initially anticipated value in a number of
containment structures. Information available on containment structures of French, US and Russian nuclear power plants
indicates that shrinkage and creep of concrete, and relaxation of prestressing cables caused high long term loss. This
experience indicates that there is a gap between theoretical estimate of long term prestressing losses and actual
prestressing losses occurred in the structure under operation. In this paper, the impact of higher prestressing loss on the
safety of containment structure is assessed through a series of analytical exercises. Comparative study of prestressing loss
predicted by selected codes/standards is undertaken. Performance of codes/standards in estimating the prestressing loss
of containment structure is examined in light of French experience. Influence of prestressing loss is investigated by
calculating probability of failure of a prestressed concrete containment structure against internal pressure for global mode
of hoop tension for different level of prestressing force.

INTRODUCTION

In a prestressed concrete containment structure the cylindrical wall and dome are generally made of prestressed
concrete material and the base raft of RCC. Design of containment structure is principally governed by the pressure (P)
and temperature loadings due to loss-of-coolant accident (LOCA). Prestressing force required in each of the major
directions of the containment structure (i.e., hoop and vertical in cylinders, and two-way in the dome) are so estimated
that a minimum residual prestressing force is ensured after neutralizing the tensile forces generated by v.P, (y is partial
factor of safety to accident pressure load) at the end of the operating life of an NPP. In addition to normal loads like dead
load, live load, the structure is also designed to retain its integrity under 1ow-probability (< 10™*) environmental loadings
such as those generated by an earthquake and severe storm.

Any prestressed concrete structure loses some prestressing force over the age. The structural resistance against
applied load at a given age greatly depends on the residual prestressing force available at that age. Therefore, rational
assessment of prestressing loss is very important for safety of the structure. These losses are of two types, short-term
losses and long-term losses [1].

The short-term losses are due to anchorage slippage, elastic shortening of the structure, and friction and wobble
effect. These types of losses are instantaneous in nature and occur immediately after stressing the cable and are time
invariant. Anchorage loss occurs due to slip of the cable with respect to anchorage at the time of locking the cable after
stressing. Loss due to elastic shortening is caused in post-tensioned tendons by elastic deformation of the structure. It
depends on the average stress in concrete induced by the initial prestressing force and the modular ratio, E¢/E., where E;
and E. are modulus of elasticity of prestressing cable and concrete. Loss due to friction and wobble effect depends on
jacking force and cable profile. If the cable profile is linear, the loss is only due to wobble effect. Frictional loss occurs
for curved cable, which is a function of curvature of cable profile and coefficient of friction between the cable duct and
cable.

Shrinkage and creep of concrete, and relaxation of prestressing cable contribute to long term prestressing losses. The
shrinkage loss at any given time is estimated by calculating strain caused by shrinkage of concrete. Similarly creep loss
of prestressing force is estimated by deriving creep strain. Both shrinkage and creep strain of concrete are function of
concrete mix, age of the concrete at the time of loading and service age. The ambient condition or service environment
of the structure has strong bearing on these two types of losses. Relaxation loss is caused by the creep of prestressing
steel under the action of sustained stress. The stress relaxation properties of prestressing steel vary with its chemical
composition and thermal/mechanical treatment, applied stress and surrounding temperature.

Models given in different design codes/standards for predicting loss of prestress specify empirical expressions
developed on the basis of test results and data available in literature. Although these models give good result in most
cases, they do not shield the designer from the occasional surprises, especially when in-situ conditions are different than
the conditions for which the models are developed.

Long-term prestressing loss is a major cause of concern for prestressed concrete containment structure. Information
available on prestressing loss of a number of US, French and Russian containment structures indicates that relaxation of
prestressing cables along with creep and shrinkage of concrete caused high long term prestressing loss as compared to
estimated loss at the time of design [2],[3].,[4]. Such experiences of higher losses have also been observed in
conventional structures like bridges [5].
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Most critical component of safe design of a prestressed concrete structure is rational assessment of loss of
prestressing force in the structure with age. The experience of prestressing loss in the containment structures of US,
French and Russian NPP underlines its importance in the overall safety of the plant. Performance of commonly used
design codes/standards in the assessment of prestressing loss is studied in this paper. The theoretically calculated values
were examined with reference to the information available on prestressing loss in French containment structures. The
impact of prestressing loss on the safety of containment structure is assessed by calculating reliability of containment
structure against the hoop tension failure mode under the action of internal pressure caused by LOCA.

EXPERIENCE ON PRESTRESSING LOSSES IN CONTAINMENT STRUCTURE

Higher prestressing loss in containment structures of US, French and Russian NPPs are reported in literatures [2],
[3], and [4]. Ashar et al [2] summarised the information of prestressing loss in three NPPs in USA. Containment structure
of the 1% plant is reinforced in the hoop direction of the cylindrical wall and in the dome by passive reinforcing bars, and
post-tensioned only in the vertical direction of the cylindrical wall. During lift-off test of the cables, it was observed that
the individual as well as the average tendon forces were lower than the values predicted at the time of design. Higher
stress relaxation of cables was detected to be the dominant contributor to the loss after a detailed investigation. The
temperature around the tendons was assessed to be between 30°C and 35°C during operation. The higher temperature
caused higher relaxation loss as compared to that at 20°C, which was considered in the design.

Two units of the second plant have prestressed concrete containment structures. Prestressing forces of a number of
randomly selected tendons in both the units were observed to be appreciably lower than the predicted values after 20
years. The investigation indicated that the most probable root cause for higher prestressing losses was increased
relaxation of tendon resulting from the sustained high temperatures around the tendons. In the design, 8% relaxation
losses at 20°C was considered. The average sustained temperatures around the tendons were estimated as 32°C during
operation resulting in higher relaxation loss.

In case of the third plant, the prestressing forces in 115 vertical tendons were detected to be lower than the expected
value during the fourth surveillance of tendon forces. As in the case of containment structure of Plant-1 and Plant 2,
higher relaxation of prestressing steel caused by higher temperature (32°C) around the tendons was found responsible for
lowering the prestressing force.

Long term prestressing loss is also a major cause of concern for concrete containment structure in a number of
France NPPs. Information available on prestressing loss in a number of French containment structures reveals the
following [3],

a) Shrinkage and creep of concrete and relaxation of prestressing cables caused high long term prestressing loss. Long
term prestressing loss is substantially higher than the initially anticipated value in a number of containment
structures. It is as high as 45% for the FLAMANVILLE (P4 series) and 30% for BELLEVILLE (P’4 series).

b) Problems of delayed deformation are similar to those found in conventional structures like bridges. Additional
problems arise around equipment hatches.

c) Concrete mixes of FLAMANVILLE and PALUEL NPPs have similar composition excepting the aggregate
mineralogy, but their long term (delayed) behaviour is different.

d) The requirements and methodology for design of prestressing suitable for conventional structures are hardly
applicable for complex structures like NPP containments.

e) Life span forecast studies indicate that the minimum residual prestressing of two or three containment structures may
fall below the acceptable value after 40 years of service life.

Actual loss in prestressing force was reported higher than the predicted value at the time of design for containment
structures of first series of VVER 1000 Units [4]. The higher value of loss was concluded mainly due to higher
relaxation of cables and creep strain of concrete.

In all three plants of USA, higher prestressing losses was attributed, mainly to higher relaxation of the prestressing
steel than the values estimated during design stage and to a lesser extent to higher creep and shrinkage strain of concrete.
In case of French containment structures, all the three contributors of long term prestressing loss, i.e. shrinkage and creep
of concrete and relaxation of prestressing steel have strong bearing on the higher observed losses. For Russian
containment structures, concrete creep and prestressing cable relaxation are reported to be the principal contributors.

STUDY PROGRAM

Following three analytical exercises are conducted in order to investigate the impact of the loss of prestressing force
on the safety of containment structure,

e Comparative study of prestressing loss predicted by codes/standards

e  Performance of codes/standards in prediction of prestressing loss of containment structure.

e  Effect of prestressing loss on reliability of containment structure.

Geometrical configuration of the containment structure taken as the example problem in this analytical study is
depicted in Fig. 1(a). The containment structure consists of prestressed concrete cylindrical wall having 24.75m radius,
capped with torospherical dome of radius 39.175m.
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19K13 cable system is used in prestressing the containment structure. The wall is prestressed by horizontal ring
cables. Each ring consisting of two semi-circular cables anchored in pair of diametrically opposite stressing ribs with a
small overlap Fig. 1(b). Some of the vertical cables are of inverted J shape traversing through the dome. Remaining
vertical cables are anchored at top of the ring beam. The dome is prestressed by orthogonally placed cables. Near
openings in wall and dome, cables are deviated keeping minimum spacing of 225mm c/c.

Characteristic cube strength (fy) of concrete is 45MPa. Casting temperature is taken as 23°C. The maximum size of
aggregate is 40mm. Concrete mix proportion has water cement ratio of 0.45 and cement content of 360 kg/m®. Curing
time is considered as seven days and age at transfer of prestress is taken at 104 days. Minimum yield strength of passive
reinforcement is 415MPa conforming to IS: 1786 [6]. Prestressing cables are made up of 19 numbers of 12.7mm nominal
diameter high tensile low relaxation strands confirming to IS: 14268[7]. The ultimate tensile strength (f,,) is 1860 MPa,
0.1% proof stress (foy.0106) is 1491 MPa and 0.2% proof-stress (fy.0.200) is 1582MPa. Relaxation loss at 1000 hrs. at a
temperature of 20°C is taken as 2.5% of the initial stress corresponding to 0.7f,,. The in-situ temperature surrounding the
prestressing cable is taken as 35°C.

Governing design force of prestressing system of a containment structure is the internal pressure due to LOCA. The
containment structure of example problem is analyzed for combined effect of pressure and temperature during LOCA
along with normal loads such as dead load and prestressing forces. Pressure due to LOCA is considered as 141.27 KPa.
Temperature profile due to LOCA used for analysis purpose is given in Fig. 2. Average equivalent internal pressure is
applied to represent the prestressing force on containment.

Codes/standards

Following design codes/standards are used in the study programme:

i) AERB Standards: “Design of concrete structures important to safety of nuclear facilities”, AERB/SS/CSE-1 [8],
and “Design of nuclear power plant containment structure” (draft), AERB/SS/CSE-3 [9].

ii) ASME-ACI: “Rules for construction of nuclear power plant components, code for concrete reactor vessel and
containments”, ASME Sec-I11 Div 2 [10] and “Prediction of creep, shrinkage, and temperature effects in concrete
structures”, ACI 209R-92 [11].

iii)RCCG-BPEL: “Design and construction rules for civil works of PWR nuclear islands”, RCCG [12] and “Technical
rules for the design of prestressed concrete structures using the limit state method”, BPEL-83 [13].

iv) Eurocode: “Design of concrete structures. General rules and rules for buildings”, ENV-1992-1-1 Eurocode 2 [14].

V) IS 1343:“Code of practice for prestressed concrete” [15].

vi)IRC 18: “Indian road congress standard on design criteria for prestressed concrete road bridges” [16].

In AERB Standards, the formulation for prestress loss is adapted from CEB/FIP Model Code [17] except that
relaxation loss of steel is multiplied with an additional factor to account for the correction due to the effect of temperature
higher than 20°C. Eurocode [14] uses the similar formulation of CEB/FIP Model Code [17] but through a common
formula taking care of interaction between creep, shrinkage and relaxation. The effect of higher temperature is
considered in the calculation by other codes/standards in the present study even if it is not explicitly specified in those
codes/standards.

COMPARATIVE STUDY OF PRESTRESSING LOSS PREDICTED BY CODES/STANDARDS

Objective of this exercise is to carryout a comparative study of prestressing loss predicted by the design
codes/standards identified in preceding section. GL-2000 model for prediction of shrinkage and creep strain of concrete
proposed by Gardner and Lockman is also considered in this exercise [18] in addition to the selected codes/standards.
Results from this model will provide an idea about the present trend of R & D for predicting loss of prestress due to
shrinkage and creep of concrete. The prestress losses are calculated for a concrete element of 750 mm thickness.

Values of short-term prestress loss calculated using AERB Standards, RCCG-BPEL, ASME-ACI and Euro code are
given in Table-1. This type of loss does not vary much with the codal provision. A uniform value of 23.4% of ultimate
strength of the prestressing cables is considered as short term loss for further work. Variations of prestress loss due to
shrinkage and creep of concrete, and relaxation of prestressing steel with age are given in Fig(s) 3, 4 and 5 respectively.
There is significant variation in predicting long term prestress loss by different codes/standards for the same input data.

Maximum loss due to shrinkage is predicted by GL-2000 model [18], Fig. 3. Prediction by both AERB Standards
and Euro code is similar but lower in magnitude. RCCG-BPEL, ASME-ACI, I1S-1343 and IRC-18 predict almost constant
shrinkage loss over the age excepting during the initial period of about five years and the magnitude is much lower than
that predicted by AERB Standard and Euro code. The lowest value is predicted by ASME-ACI.

Variation of loss due to creep with age is plotted in Fig. 4. The maximum creep loss is again predicted by the GL-
2000 model, and lowest prediction is by RCCG. The creep loss keeps on increasing over the age in case of GL-2000
model and such increase is predominant even after 25 years. The creep loss starts saturating within a short period after
application of load incase of 1S-1343, IRC-18, and ACI-209. For other codes/standards, saturation starts after about 15
years.

The relaxation loss predicted by IRC-18 is maximum and remains flat over the age excepting at initial years where
1S-1343 predicts higher values, Fig. 5. The lowest prediction is by RCCG-BPEL. ASME-ACI shows saturation in
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relaxation losses after 25 years. AERB Standard and Eurocode predict similar trend of this loss, though quite higher in
magnitude. The prediction by ASME-ACI is lower than that of Eurocode and starts saturating before 10 years of age.

Variation of total prestressing loss combining the short term loss with loss due to shrinkage, creep and relaxation is
plotted in Fig. 6. Maximum combined loss is predicted by IRC-18 and minimum by RCCG-BPEL. The prediction of IS-
1343 is flat over the years and is maximum at the initial age of 2-3 years. Predictions by AERB Standard and Eurocode
have similar trend as that of IRC-18. AERB standard predicts little higher overall loss than that by Eurocode. The total
loss predicted by RCCG-BPEL is the lowest and follows similar trend as that predicted by AERB Standard and
Eurocode. The second lowest prediction is by ASME-ACI that starts saturating from the age of 10 years.

PERFORMANCE OF DIFFERENT CODES/STANDARDS IN PREDICTING PRESTRESSING LOSS IN
CONTAINMENT STRUCTURE

The example problem of containment structure, Fig. 1, is designed for global hoop tension failure mode under the
action of internal pressure and temperature due to LOCA following AERB Standards, ASME-ACI and RCCG-BPEL.
Losses of prestressing forces of the designed containment structure are predicted using respective codes/standards.
Performance of the design codes/standards in predicting prestressing losses is examined by comparing the theoretically
predicted values with the maximum prestressing loss observed in French containment structure.

Induced element stress in the containment structure under the action of factored internal pressure and temperature
load is determined by structural analysis using finite element method. Design of prestressing force in horizontal direction
of general section under predominant action of membrane forces in hoop direction are given in Table-2. Prestressing loss
upto 40 years are considered in the design. Vertical prestressing forces are calculated similarly.

Requirement of prestressing steel is also computed at various ages of structure and is plotted in Figs. 7 and 8 for
horizontal and vertical direction respectively. The prestressing steel calculated as per AERB Standards is maximum
while that calculated by ASME-ACI is minimum among the three cases. The reason for difference is partially attributed
to different level of prestress loss estimated by these standards and the partial safety factors to the accidental pressure
load P,.

The performance of AERB Standards, ASME-ACI and RCCG-BPEL in predicting the prestressing loss is examined
with respect to French experience. The prestressing losses estimated by these standards are compared with the loss
calculated by RCCG-BPEL after multiplying with factors accounting for the maximum percentage increase in prestress
loss reported for the French containment structure [3]. Table-3 and 4 summarise this comparison for vertical and
horizontal cables respectively. It is observed from the tables that the increase of 45% and 30% above the prestress loss
estimated by RCCG-BPEL would be nearly the maximum prestressing loss observed for French NPP FLAMANVILLE
and BELLEVILLE respectively. Prestressing loss predicted by AERB standard for both vertical and horizontal cables
matches very well with the French experience. This match is the best among the three cases of codes/standards.

EFFECT OF PRESTRESSING LOSS ON RELIABILITY OF CONTAINMENT STRUCTURE

Reliability of a structure is the complement of its probability of failure due to design loads. Common approach to
assess reliability of a reinforced or prestressed concrete structure is to determine its probability of failure at the limit state
condition, which is also some times called as limit state probability of the structure. The limit state probability is the
probability of structural response that will reach the limit state condition under the failure modes induced by the action of
loads during operation life. Possible failure modes of a prestressed concrete containment structures (PCCS) under the
action of internal pressure are hoop tension; bending plus membrane stress at extreme fiber at wall-raft junction; shear
near the edge and fixture on basement; and punching shear near large penetrations like airlocks. Amongst these, hoop
tension at principally membrane region is reported to be the predominant one [19].

Basu et al [20] proposed a methodology to assess the reliability of a PCCS against hoop tension failure mode under
the action of internal pressure adopting first order second moment method of level-2 reliability analysis. The performance
function, g(.), was formulated on the basis of standard design format of prestressed concrete containment structure for
hoop tension induced by internal pressure. Three basic variables considered are internal pressure, ultimate strength of
prestressing tendons and compressive strength of concrete. Short-term as well as time dependent long-term prestressing
losses are taken into account in formulating g(.). Both epistemic and aleatory uncertainties associated with basic variables
are treated separately in the method. For prestressed concrete containment structures, the resistance at a given age against
any loading effect is dependent on the residual prestressing available in the structure at that age. Therefore, it is a
function of the age of structure resulting in probability of failure also to be a function of age. The method assessed lower
bound estimate of structural failure as it considers the initial prestressing force in the cable to be equal to the ultimate
strength of the tendon.

Variation of failure probability of the containment structure with loss of prestressing force determined using the
method is plotted in Fig.9. The failure probability of the prestressed concrete containment structure increases with loss of
prestressing force. The probability of failure of prestressed concrete containment structure estimated in this paper is quite
different from that calculated by Shinozuka et al [21] for reinforced concrete containment structure. Failure probability
for both types of containment structure is very low initially but it increases substantially with age for the prestressed one.
This is because hoop strength of a prestressed concrete containment structure against the internal structure is principally
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offered by prestressing force, which deteriorates with time Therefore, this loss has strong bearing on the reliability of
prestressed concrete containment structure. The results indicate that it is very important to rationally assess the
prestressing loss for safety of prestressed concrete containment structure during entire span of its operating life.

CONCLUSIONS

Following conclusions are drawn from the work presented in this paper on the impact of loss of prestressing force on

NPP containment structures.

e Prestressing loss, especially the long-term loss, higher than the value predicted in design stage were reported in the
US, French and Russian Containment Structures. As reported for French containment structures, the prestressing loss
can be as high as 45% more than the design value. The higher losses were due to higher shrinkage and creep strain of
concrete and higher relaxation of prestressing cable force. Principal reason for higher relaxation loss is higher
surrounding temperature of cable than that was considered in design.

e The above experience clearly indicates that there is a gap between the theoretically predicted value and the actual in-
situ loss. Two important issues arise,

i.  Higher prestressing loss than the design value, and

ii. Prestressing loss keeps on increasing even after 20 years of age.

e  Prestressing losses predicted by different codes/standards, selected for the present study, indicate the following,

i. There is wide variation in predicting long term prestressing loss by commonly used codes/standards. Highest
loss is predicted by the AERB Standards closely followed by Euro code. Lowest magnitude of loss is calculated
by RCCG-BPEL and second lowest by ASME-ACI.

ii. Saturation of prestressing loss predicted by ASME-ACI and RCCG-BPEL starts within the age of 5 to 10 years,
while such saturation starts even after 25 years in case of AERB standards and Euro codes.

ili. Though AERB standards predicted the maximum prestressing loss among the selected codes/standards, its
prediction closely matches with the French experience.

e Probability of failure of the containment structure against the hoop tension failure mode under the action of internal
pressure increases with age, as is the case of prestressing loss. Therefore, it is important to predict rational and
conservative prestressing loss at the design stage for ensuring safety of the containment structure till the end of
operating life.
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Table-1 Short-term prestressing loss
Prestressing Loss (MP,)

Causes of Loss
AERB/SS/CSE-3 (draft) RCCG-BPEL|ASME-SECIII | Euro Code
a) Loss due to friction 308.72 278.25 308.53 308.72
b) Loss due to elastic shortening 29.07 29.07 29.07 29.07
¢) Loss due to Anchorage slip 97.50 97.50 97.50 97.50
total short-term losses= 435.28 404.82 435.09 435.28

Table-2 Horizontal Prestressing Steel Requirement

Description Units |AERB/SS/CSE-3 (draft)| RCC-BPEL |ASME-SECII|I

Unfactored hoop-tension due to design pressure (T,) al KN/m 3704 3704 3704
Factored critical hoop-tension: (Tg)* b [KN/m 5951.4 5012.2 5581

- . (:0.8*fpu) (:0.9* fpy»O,l%) (=094* fpy»O.Z%)
Initial prestressing force c | MPa 1488.0 13419 14871
Prestressing losses ( short term + long term) e | MPa 673.95 568.2 6008
upto the age of 40 years
Net prestressing available f=(c-e) | MPa 814.05 773.24 886.32
\Area of prestressing cable- A, g=(b/f) jmm?/m 7311 6482.1 6297
Ratio w.r.t. CSE-3 design h 1.127 1.00 0.971

Table-3 Prestressing losses in vertical cable predicted by different codes/standards

Age Total Prestress loss* (MPa) Maximum prestressiztg;rulctzzsr ;ii;;s:)g 1[‘g]r French containment

(Years) RCCG- ASME- AERB Case-1 Case-lI
BPEL ACI standard

5 369.61 403.7 429.77 405.18 422.97
10 385.14 410.6 452.73 425.37 445.49
15 393.87 413.9 465.39 436.73 458.15
20 399.93 416.1 473.96 444.61 466.95
25 400.09 417.1 480.34 444.82 467.18
30 408.40 418.9 485.37 455.62 479.23
35 411.63 419.9 489.49 459.82 483.91
40 414.43 420.8 493.00 463.45 487.96
45 416.91 4215 496.00 466.68 491.56
50 419.14 422.1 498.64 469.58 494.80

Note: 1) Constant value of 251 MPa is taken as short term prestressing loss for all three cases.

2) Maximum prestressing loss is calculated by French experience [3]. The long term prestressing loss estimated using
RCCG-BPEL is increased by 30% and 45% for case-I and case-I1 respectively (ref-3 reported 30% and 45% long term
prestress loss over the anticipated value)
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Table-4 Prestressing losses in horizontal cables predicted by different codes/standards

Age Total Prestress loss! (MPa) Maximum prestressizgr ulcotisr :S(T\slspsae)% E‘g]r French containment

(Years) RCCG- ASME- AERB Case-1 Case-I1
BPEL ACI standard

5 523.4 583.8 609.9 559.0 576.8
10 538.9 590.6 632.9 579.2 599.3
15 547.7 594.0 645.6 590.5 612.0
20 553.7 596.1 654.2 598.4 620.8
25 558.4 597.1 660.5 604.5 627.5
30 562.2 598.9 665.6 609.4 633.0
35 565.4 599.9 669.7 613.6 637.7
40 568.2 600.8 673.2 617.3 641.8
45 570.7 601.5 676.2 620.5 645.4
50 573.0 602.2 678.8 623.4 648.6

Note: 1) Constant value of 251 MPa is taken as short term prestressing loss for all three cases.

2) Maximum prestressing loss is calculated by French experience [3]. The long term prestressing loss estimated using
RCCG-BPEL is increased by 30% and 45% for case-1 and case-11 respectively (ref-3 reported 30% and 45% long term
prestress loss over the anticipated value).
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Fig. 2 Temperature profile in wall after LOCA
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Fig. 3 Prestress loss due to shrinkage of concrete

9 7| —=— AERB standard —— BPEL
—+— ASME-ACI —*—1S-1343

8 1| ——IRC-18 +%
-7
S
e e
5 6
g 5
123
8,17 P
P W
172}
2 3
£ W
QL 2
a /“/‘/a/"'

‘¥

0 T T T T T T T

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Age (in years) Note: Polynomial fit for IRC-18 data

Fig. 5 Prestress loss due to relaxation of prestress steel
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Fig. 7 Variation of horizontal prestressing steel with age
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Fig. 4 Prestress loss due to creep of concrete
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Fig. 6 Variation of total prestressing loss with age
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Fig. 8 Variation of vertical prestressing steel with age

1.0E-05 -

1.0E-06 -

1.0E-07 -

Failure probability

1.0E-08 -

1.0E-09 T T
40.00 45.00 50.00

55.00 60.00 6500 70.00

% Prestress loss
Fig.9 Variation of probability of failure with loss of prestressing
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