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An experimental study was conducted in which 30 full-scale,
precast, pretensioned bridge girders were constructed and instru-
mented with the intention of investigating prestress loss. Several
different precast beam fabrication plants were used to investi-
gate the influence of different concrete materials and construc-
tion techniques. The constructed girders were conditioned in
several different climates for up to 3 years. During this period,
prestress loss was measured by using vibrating wire gauges (VWG)
embedded in test specimens. Following the conditioning period, the
girders were flexural service load-tested to quantify the prestress
loss at the time of testing and in turn verify the losses measured
using VWGs. Prestress losses were found to be heavily influenced
by concrete stiffness, which was dependent on coarse aggregate
type and quantity. The measured short- and long-term prestress
losses were compared to those determined using several different
estimation procedures, suggested by ACI Committee 423.
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INTRODUCTION

Prestressed concrete construction relies on the application
of compressive stress to concrete elements; the goal of this
compressive stress being to reduce the maximum concrete
tensile stresses and thus preventing cracking. The pre-com-
pression stress (that is, prestress) is applied to the element
using tendons either stressed prior to concrete placement
(pretensioning) or after the concrete is allowed to harden
(post-tensioning). Over time, the prestress will fluctuate
due to concrete behavioral mechanisms (for example, creep
and shrinkage) and external events affecting the member
(such as deck placement). Any decrease in the prestress is
considered prestress loss and any increase is stress gain.
Stress gains are caused by elongation of the strand, typi-
cally a result of a positive moment being placed on the beam
either by an external load or by the differential shrinkage
of the deck; many sources elaborate on this phenomenon. '
For the purpose of this paper, losses are positive and gains
are negative.

The stress in the strand must be properly estimated
throughout the life of the concrete member to ensure proper
crack prevention (that is, extreme fiber concrete stress is
always below the prescribed tensile stress limits), if such
is desired. The stress in the prestressing strand immedi-
ately prior to transfer can be determined by monitoring the
applied stress and verified by measurement of strand elonga-
tion. After the stress is transferred to the member, however, a
method for estimating the prestress loss and gain is required
for the designer to estimate the strand stress at different
points in the life of the member.
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The main factors affecting prestress loss are either
related to concrete deformations (elastic shortening, creep,
and shrinkage) or relaxation of the prestressing steel. As
with typical deformation-related problems, the problem of
concrete deformations can be approached by looking at the
stresses applied on the system and the effective stiffness
of the system, the system being any reinforced concrete
member or structure under some type of sustained loading.

Stresses acting on concrete are primarily a result of mois-
ture movement and externally applied stress. The movement
of moisture will drive the concrete behavioral mechanism
of shrinkage. Concrete creep will be driven by the exter-
nally applied stress but will also be greatly influenced by
the movement of moisture. Moisture movement (primarily
in relation to shrinkage) is thought to be driven by several
different phenomena. While the beam is being moist- or
steam-cured, the initial free water present will be partially
“lost” as it is used to hydrate the cement. Once the beam
is exposed to the environment, additional water will be lost
through further cement hydration and as the internal system’s
relative humidity equilibrates with the external ambient rela-
tive humidity. Many factors (such as cement particle size,
water-cement ratio, aggregate porosity, and supplemental
cementitious material type and quantity) affect the ease of
the free water to move through the concrete matrix.

Prior to initial set, any free water loss will not cause any
stresses to develop within the system. After cement hydra-
tion has caused the formation of the concrete matrix, further
free water loss will cause the development of stress on
the system, with the magnitude of these stresses primarily
dependent on the pore system and the water content within
the matrix. A further explanation of the shrinkage mecha-
nism is beyond the scope of this introduction, but is fully
explored by several other investigations.'** While a detailed
explanation of the creep mechanism is also considered to be
beyond the scope of this paper, it is important to recognize
that creep is also influenced by the moisture content. The
mechanisms driving creep are discussed in detail by several
other investigations.!:$10-13

The stresses experienced by the system are mainly resisted
by the system stiffness, which is primarily provided by the
hardened cement paste and coarse aggregate. The coarse
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aggregate properties are influential in the total system stiff-
ness: a soft coarse aggregate will generally result in a soft
system. The composition of the hardened cement paste is
also influential in the system stiffness; under sustained loads,
the effectiveness of the hydrated cement paste to resist the
stress-induced deformations will decrease with the load
magnitude (dependent on the hydrated cement paste compo-
sition). Further information on long-term concrete deforma-
tions can be found in several other investigations.!»>"%13

From the previous discussion on both the short- and long-
term development of prestress loss, the influence of both the
concrete mixture design properties and the environmental
conditions becomes evident. The experimental program
for this project? was designed with both of these influen-
tial factors in mind. The beams were constructed at three
different precast beam fabrication plants to investigate the
effect of different concrete mixture designs and properties.
Some of the beams were then shipped to two different storage
locations, while others were kept in the fabrication plants. In
this way, five different exposure sites with different climates
were employed to investigate the effect of differing environ-
mental conditions. These specimens were monitored over
time and tested after several years of storage to determine
the development of prestress loss and the magnitude of the
final losses. Results from these tests were used to evaluate
commonly used prestress loss estimation procedures.

It should be noted that the focus of this research was on
elastic shortening, creep, and shrinkage losses. Relaxation
losses are dependent primarily on the type of prestressing
strand used, and were not explicitly measured in this study.
Relaxation is best measured on individual strands in which
the strand is held at a constant strain and the stress loss is
measured; this type of testing was not conducted during
this research program. Because relaxation losses are strand
dependent (and not necessarily system-dependent) and were
not explicitly measured in this study, the treatment of these

losses elsewhere*!* is sufficient.

RESEARCH SIGNIFICANCE

The main advantage of prestressed concrete is the preven-
tion of service-load cracking through the application of
a pre-compression stress (that is, prestress) in the flex-
ural tension zone. Losses in pre-compression undoubtedly
reduce the efficiency of prestressed concrete. The preven-
tion of service-load cracking is dependent on the designer’s
ability to conservatively and precisely estimate this stress
throughout the life of the girder. The research reported in
this paper is significant as it is one of the largest studies (in
both specimen size and quantity) ever conducted investi-
gating prestress loss. Several different loss measurement
techniques and the most influential variables were investi-
gated and are reported in this paper.

EXPERIMENTAL INVESTIGATION
In total, 30 full-scale prestressed concrete beams were
fabricated, conditioned, and tested to enable comprehen-
sive assessment of short- and long-term prestress losses.
The specimens were representative of a broad range of the
most influential factors affecting prestress losses including:
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concrete materials used, prestress level, specimen geometry,
fabrication techniques, and climate conditions.

Specimen design and material properties

The 45.5 ft (13.9 m) long specimens were either Type C
(40 in. [1016 mm] deep standard AASHTO I-girder) or Tx46
(46 in. [1168 mm] deep bulb-T) cross sections, as shown in
Fig. 1(b) and (c); these sections represent commonly used
sections in past and current practices, respectively. The
girders were designed to maximize the compressive stress
ratio at release to near 0.65f," while satisfying AASHTO
tensile stress limits. Although this compressive stress ratio
is larger than the limit of 0.60f," found in ACI 318-14
(Section 18.4.1),'5 higher compressive stress ratios of
0.65/.;" and higher are commonly used in bridge design.'®
This design criterion led to the strand patterns and harping
scheme depicted in Fig. 1. End region and shear reinforce-
ment was detailed per the TxDOT Design Specification.!” A
summary of the relevant specimen properties is presented in
Table 1.

The concrete mixture proportions are summarized in
Table 2. The concrete mixture designs were chosen based
on commonly used mixtures at the three different precast
facilities chosen for specimen fabrication. The type and
quantity of the coarse aggregate used was one of the main
differences between the mixture designs. Two different
coarse aggregate types were used: a softer crushed lime-
stone (Series I and III in Table 2) and stiffer river gravel
(Series IT and IV in Table 2). The self-consolidating concrete
(SCC) in Series IV used a lower coarse aggregate content
(1540 1b/yd® [914 kg/ m3] for SCC versus 1780 Ib/yd®
[1056 kg/m?] for conventional concrete [CC]) and a higher
fines content (930 Ib/yd?® [552 kg/m?] of cement and fly ash
for SCC versus 820 Ib/yd® [486 kg/m?] for CC). The mixture
designs were fairly similar otherwise.

To properly model the behavior of the elements, the
modulus of elasticity £, and the initially applied prestressing
stress f,, were measured, as presented in Table 3. The initially
applied prestressing stress was found by measuring the elon-
gation of the strand and monitoring the applied stress from
the hydraulic jack.

The hardened concrete material properties were also
required for three different times: at the time of prestress
transfer or release (“At Release”), 28 days after the beams
were cast (“28 Days”), and at the time of flexural service
load testing (““At Test”). The concrete compressive strength
/., modulus of elasticity E.;, and tensile strength obtained
from a split cylinder test f;, were measured at each of the
three significant times. A summary of the relevant tested
concrete properties is presented in Table 4.

After the girders were fabricated, they were sent to one of
four different conditioning sites: Austin, ElIm Mott, Lubbock,
or San Antonio (all in Texas). These sites were chosen to
capture several different climates; Lubbock being signifi-
cantly drier than the other three sites. The storage locations
for all specimens is summarized in Table 5. A photograph
of the Austin and Lubbock storage sites with girders from
Series I, II, and III is provided in Fig. 2.
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Table 1—Relevant section properties for specimens in Series | through IV

Strand diameter,
Series Soi -design, Ksi in. Aps, 02| Yyuia in. | Beam type |y, in. Ag, in? I, in* VIS, in.

1 6.20 0.5 5.81 6.63

C 17.1 495 82600 3.96
11 6.20 0.5 5.81 6.63
111 6.50 0.5 8.87 6.43

IV-SCC 6.05 0.5 8.57 6.64 Tx46 20.1 761 198100 3.86
IV-CC 6.05 0.5 8.57 6.64

Notes: 1 ksi = 6.9 MPa; | in. =25.4 mm; 1 in.> = 645 mm?; 1 in.* = 416,000 mm*.

Instrumentation

Girders were instrumented using internal instrumenta-
tion—yvibrating wire gauges (VWGs), shown in Fig. 3—to
monitor the prestress loss over time. A VWG consists of a
length of steel wire attached between two end blocks; the
wire is enclosed and free to deform with the movement of
the end blocks. When embedded in concrete, the VWG can
be used to measure concrete strain; the wire in the gauge is
plucked electromagnetically and the change in the resonant
frequency of its response indicates the change in strain of the
wire, which is the same as the surrounding concrete. It should
be noted that only strain-related stress changes are captured
by VWGs (that is, strand relaxation is not directly captured).

VWGs were typically placed at three different levels
in the cross section at midspan of the beam (Fig. 1(b)) to
allow for a linear strain distribution in the cross section to
be measured, as shown in Fig. 4. The strain in the concrete
at the centroid of the prestressing stands (equivalent to the
strain in the strand itself) could be determined through linear
interpolation using the linear strain profile. By systematically
taking measurements over the life of the beam, the stress
in the strand could be monitored over time. The prestress
loss could be determined with the knowledge of the initially
applied stress (f,), shown in Table 3. A VWG measure-
ment was also taken immediately prior to flexural service
load testing to provide a comparison between the two loss
measurement methods. A relaxation loss estimate (obtained
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Fig. I—Cross-sectional details: (a) harping; (b) end section, and (c) midspan section.
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Table 2—Typical concrete mixture proportions

Quantity
Series IV
Material Series I Series 11 Series II1 SCC cC
ﬁ)y/g}m portland cement, 540 530 660 700 600
Fly ash, Ib/yd? 170 170 220 230 200
1850 1850
CA, Iblyd’ (3/4 in. crushed (3/4 in. 119\/76? gravel) (3/4 in. crushed (1/2 in. 11”15\2:(3 gravel) (172 in. 117\2? gravel)
limestone) limestone)
FA: Sand, Ib/yd? 1220 1310 1030 1240 1220
Water, 1b/yd? 180 115 180 270 220
HRWRA, oz/yd? 33 50 18 37 36
(S)Ze/t;/r(;a;ardant admixture, 3] 14 44 9 2
Water-cement ratio 0.34 0.22 0.27 0.39 0.37
CNI admixture, 0z/yd? — — — 115 144
Viscpsity—modifying o o - 15 o
admixture, oz/yd?

Notes: CC is conventional concrete; SCC is self-consolidating concrete; 1 1b/yd® = 0.6 kg/m?; 1 07/ yd® = 38.7 mL/m’.

Table 3—Summary of measured prestressing
strand information

Series E,, ksi (MPa) Jo» ksi (MPa)
I 28,800 (199,000) 202.9 (1399)

I 28,800 (199,000) 203.0 (1400)
111 28,800 (199,000) 209.0 (1441)
v 29,000 (200,000) 202.5 (1396)

using the AASHTO detailed method'®) was added to the
final loss measured by VWGs to provide a direct comparison
between the service load testing (which measures losses,
including relaxation) and VWG measurement (which does
not include relaxation).

Service load testing procedure

All of the specimens were subjected to flexural service
load testing to determine the load required to cause initial
cracking in the specimens. The cracking moment is affected
by the tensile capacity of the concrete and the stress in
the strands at the time of testing. The tensile strength of
the concrete was measured immediately prior to testing,
and the cracking moment determined through the flexural
service load test allowing the prestress force in the strand
(and the prestress loss) to be calculated for using the known
information.

The specimens were tested using a four-point load setup
capable of applying 800 kip (3560 kN) of force, as shown in
Fig. 5. Load was applied through a double-acting hydraulic
ram and measured using a load cell of appropriate capacity
and verified with an oil pressure transducer. A region with
constant moment was created at midspan using a 67 in.
(1700 mm) transfer beam; cracking occurred within this
constant moment region and allowed for the theoretical
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strand stress to be easily determined. Displacements were
measured using linear potentiometers at midspan (on both
sides of the beam) and at each support (to measure support
settlement). During testing, load was applied at a rate of
approximately 0.5 kip (2.2 kN) per second up to approxi-
mately 75% of the estimated cracking load. Thereafter, addi-
tional load was applied in 10 kip (44 kN) increments; the
beam was visually inspected for cracking in between each
load increment. Once cracking was visually observed, addi-
tional load was applied in increments between 20 and 50 kip
(89 and 220 kN) until extensive cracking occurred.

Although an approximate cracking load was obtained
through visual inspection during testing, a better estimate
was desired to calculate a more accurate prestress loss value
at the time of testing. A better estimate for the cracking load
could be determined using the measured load-deflection
data for each test, as shown in Fig. 6(a). By discretizing the
load-deflection data, the stiffness could be determined for
each step. A moving average was calculated at each deflec-
tion by calculating the average of all stiffness values less
than or equal to the current deflection. First cracking in
the beam (the cracking point) was assumed to occur when
the concrete stiffness began to significantly decrease as
compared to the moving average, as shown in Fig. 6(b). This
method proved to be both an accurate and repeatable method
for determining the point of first cracking and also elimi-
nated nearly all subjectivity.

It should be noted that the tensile strength was measured
using split cylinder testing, which is traditionally thought
to slightly underestimate the tensile strength, rather than
modulus of rupture tests. This was done as the researchers
deemed that the local tensile strength of concrete captured
by the split cylinder test better represented the cracking load
determined by the aforementioned stiffness method.
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Table 4—Summary of tested concrete properties

At release 28 days At test
Series Age7 days ﬂi/,dysigm ksi ﬁ'i/‘mea.vm-eds ksi E('i,desigm ksi Eﬂi,measurerla ksi .fn",rlesign: ksi .fc’,meu.\uredv ksi f;".measureda ksi ﬁp,zexh ksi
I 1.08 6.20 7.0 4800 4490 8.5 10.7 10.6 0.83
II 0.98 6.20 6.6 4800 6140 8.5 11.6 12.7 1.00
I 1.77 6.50 6.6 4900 3990 8.5 9.6 11.8 0.91
IV-SCC 6.3 4810 11.5 15.0 1.06
— 074 6.05 — 4716 12
IV-CC 6.9 5440 12.0 14.1 1.06
Note: 1 ksi = 6.9 MPa.
Table 5—Summary of prestress loss assessments
Final loss, ksi
Storage location (RH) Beam ID Elastic shortening, ksi Final age, days P-A VWG Reported
1-1 26 980 57 46 46 Avg.
Lubbock (52%) 1-5 27 975 51 51 51 49
1-6 n/a 973 56 n/a 56
? 1-2 n/a Avg. 939 49 n/a 49 Avg.
) Austin
2 (63%) I-3 26 27 948 49 46 46 47
1-7 27 946 50 49 49
San Antonio I-4 n/a 962 41 n/a 41 Avg.
(64%) 1-8 n/a 966 50 n/a 50 46
1I-1 16 955 31 32 32 Avg.
Lubbock
(51%) 1I-5 n/a 952 24 n/a 24 29
11-6 17 949 43 36 36
% 112 n/a Avg. 922 39 n/a 39 Avg.
= Austin ]
(,_}JJ (63%) 1I-3 17 17 932 42 34 34 34
11-8 16 923 43 33 33
Elm Mott 11-4 n/a 936 32 n/a 32 Avg.
(63%) 11-7 n/a 937 24 n/a 24 28
III-1 29 695 55 58 58 Avg.
Lubbock
(49%) I1-5 29 703 56 58 58 55
_ 111-8 n/a 700 54 n/a 54
é 113 29 Avg. 677 55 54 54 Avg.
= Austin
~ -
& (61%) 111-4 n/a 29 675 54 n/a 54 53
-7 29 681 55 53 53
San Antonio 1I1-2 n/a 689 54 n/a 54 Avg.
(63%) 111-6 n/a 687 56 n/a 56 55
IV-SCCl1 22 Avg. 249 48 43 43 Avg.
- IV-SCC2 22 22 259 54 42 42 40
% Austin IV-SCC3 22 230 n/a 43 43
E (57%) IV-CC1 21 Avg. 237 42 39 39 Avg.
7]
IV-CC2 20 21 257 41 38 38 36
IV-CC3 22 251 46 40 40

Note: 1 ksi=6.9 MPa.

EXPERIMENTAL RESULTS AND DISCUSSION
Prestress loss development

Prestress loss was measured using internal VWGs to
monitor the development of loss over time, which will be
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presented first; VWGs also allowed for the measurement of
“final” prestress loss, which will be presented in the following
section. The time development of the prestress losses is
shown in Fig. 7 in the form of a time-development factor
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(b)

Fig. 2—Two primary beam storage sites: (a) Austin, TX; and
(b) Lubbock, TX.

(K7) versus time. The plotted time-development factor is the
measured prestress loss at time  normalized by the measured
loss at a time of 365 days. The normalized measured loss is
plotted in Fig. 7 for all of the specimens with VWGs. A loga-
rithmic regression, generally suggested for concrete creep
development models,"!>!° seemingly represents the devel-
opment of the long-term loss well, as shown in Fig. 7(b).
Using the general trend of the observed loss development
(that is, the logarithmic regression), approximately 90% of
the 1-year prestress loss developed in the first 4 months.
Although prestress losses are shown to follow a loga-
rithmic trend for ages of less than 3 years, further monitoring
should be conducted before such a relationship is extrapo-
lated to estimate final design life losses. Additionally, it has
been suggested that losses will eventually stop increasing
when the concrete stress at the strand centroid reaches zero,*
which may occur as the beam ages under load in the field.

Final prestress loss

The elastic shortening Af,zs and total final prestress losses
Af,, for all test specimens are presented in Table 5. Within
Table 5, specimens are grouped by series and storage loca-
tions, and prestress losses are reported from both flexural
service load testing and VWG measurements. Losses deter-
mined using VWG measurements were generally found to
be more consistent and were thus used as the final reported
loss when available. The final measured loss seems to be
affected by the ambient relative humidity in most cases and
by the coarse aggregate type in all cases.

As previously mentioned, ambient relative humidity (RH)
is typically thought to influence the development of prestress
loss by affecting the water transfer rate between specimen
and environment. It is generally accepted that a higher rela-
tive humidity will result in less water loss from the spec-
imen to equilibrate internal and external relative humidity. A
smaller water loss will typically result in smaller long-term
concrete deformations and a lower magnitude long-term
prestress loss (for times within the design life).
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Fig. 4—Method for determining strain in prestressing strand
from VWG measurements.

The average measured long-term prestress loss (Af,ir)
for all test specimens in Series I, II, and III are shown in
Fig. 8; specimens are grouped by series and ambient relative
humidity during conditioning. The average relative humidity
for specimens stored in Lubbock was approximately 50%;
those stored in Austin, Waco, and San Antonio had an
average relative humidity of approximately 63%.

For specimens in Series I and III, specimens stored in a
drier climate (52 and 49% relative humidity) experienced
larger magnitude long-term losses compared to those stored
in the more humid climate (63 and 62% relative humidity).
Unlike Series I and III, in Series II, the ambient relative
humidity had little effect on the magnitude of the long-term
prestress losses. The main difference between the speci-
mens of Series I and III and those in Series II was the coarse
aggregate type. It has been previously shown that the aggre-
gate porosity will influence the permeability of the concrete
matrix.?’ This increased permeability in the specimens with
the limestone coarse aggregate would have allowed easier
moisture movement, leading to a larger loss in free water,
and thus larger creep and shrinkage strains.

In addition to its influence of relative humidity effects,
the coarse aggregate is thought to affect losses as it influ-
ences the ability of the concrete to restrain internally devel-
oped and externally applied stresses (through influencing
the elastic modulus). Both the average elastic shortening
and average long-term prestress losses for each series are
presented in Table 4 and Fig. 9. In Fig. 9, the series are
paired together based on the coarse aggregate used: Series
I and III having limestone and Series II and IV having river
gravel coarse aggregate.
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Fig. 5—Schematic of flexural test setup.

The measured modulus of elasticity at time of release
(E) for each series is presented below the series label. The
specimens constructed using limestone coarse aggregate
(Series I and III) were softer than those with river gravel
coarse aggregate (Series II and IV), as seen by comparing
the respective moduli at release (4.5 and 4.0 ksi [31.0 and
27.6 MPa] for the Series I and III limestone specimens and
6.1 and 5.1 ksi [42.1 and 35.2 MPa] for Series II and I'V river
gravel specimens, respectively).

As shown in Fig. 9, both the elastic shortening Af,zs and
long-term prestress losses were influenced by the coarse
aggregate type, primarily a result of the coarse aggregate’s
effect on the modulus of elasticity. Long-term losses were
found to be on average 42% larger for similar limestone spec-
imens compared to their river gravel counterparts. Similarly,
elastic shortening losses were found to be on average 45%
larger for limestone compared to river gravel specimens.

Flexural testing versus internal strain
measurements

Prestress losses were measured using both flexural service
load testing and internal strain measurement techniques.
Within the flexural service load testing program several
different methods were investigated for determining the load
required to cause first cracking. These methods included:

*  Visual inspection;

*  Nondestructive
technique);

*  Manual load-deflection plot inspection;

»  Stiffness-deflection procedure;

»  Crack reopening test—load-deflection analysis; and

»  Crack reopening test—concrete surface gauges.

The method based on the stiffness-deflection plots was
the only method that produced both 1) consistent results
among similar specimens; and 2) losses comparable to
VWG readings.

testing technique (impact echo
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Fig. 6—Procedure for determining cracking load using both
(a) applied load versus deflection plot; and (b) stiffness
versus deflection plot.

By using both VWG readings and the flexural service load
testing, both methods could be verified and compared with
each other. The average measured prestress loss for each
series is presented in Fig. 10 for both VWG measurements
and flexural service load testing. When a reliable method is
used to determine the cracking moment, measured prestress
loss compares well with VWG measurements.

Comparison with existing prestress loss
estimation methods

As mentioned in the introduction, prestress loss must
be both conservatively and precisely estimated to ensure
a beam is efficiently designed and will not crack under
routine service loads. To investigate the conservativeness
and precision of current prestress loss estimation proce-
dures, prestress loss was estimated for each of the specimens
using the methods proposed in ACI 423.10 (ACI 423.10 is
currently under development as of the writing of this study).
Within this document, estimation methods are presented
for both short- and long-term losses; long-term losses are
recommended to be estimated using lump sum, simplified,
or detailed methods depending on the situation.

Recommendations are also provided for the estimation of
the modulus of elasticity of concrete. In the United States,
there are primarily two expressions considered: 1) ACI 31813
(Eq. (1), units in psi); and 2) AASHTO LRFD!® (Eq. (2),
units in ksi). The estimation procedure used for modulus
of elasticity in AASHTO LRFD permits for the stiffness
to be modified (using the K, factor) based on any known
information about the concrete to be used in casting. This
factor is the only piece of the loss expressions compared in
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Fig. 7—Time development of prestress loss for all specimens normalized by the loss at 365 days on (a) normal; and (b) loga-

rithmic scale.
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tioning. (Note: 1 ksi = 6.9 MPa.)
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Fig. 9—Measured elastic shortening and long-term prestress
loss for test specimens separated by coarse aggregate type.
(Note: 1 ksi = 6.9 MPa.)

the following, in which the coarse aggregate properties may
be accounted.
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Fig. 10—Average measured final prestress loss using both
VWG readings and flexural test results. (Note: 1 ksi =
6.9 MPa.)
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During the following investigations, the performance
of each procedure is presented by normalizing the esti-
mated prestress loss by the measured loss (E/M); an E/M
greater than 1.0 is conservative. Specimens are divided by
series for all procedure evaluations. As relative humidity
is used in most long-term loss estimation methods, speci-
mens are also divided by storage location for the long-term
loss investigation.

Three different methods for estimating elastic shortening
loss are suggested for use by ACI 423.10: 1) a transformed
section approach; 2) gross section approach; and 3) iterative
gross section approach. All three of these methods involve
the basic mechanics relationship relating the stress in the
concrete at the centroid of the prestressing strands fq, to
the change in stress of the prestressing strands Af, s using
the modular ratio £,/E;, as shown in Eq. (3). The trans-
formed section approach, shown in Eq. (4), uses the initial
strand stress just before transfer f,, and the transformed area
A,, strand eccentricity e,, and moment of inertia /, to find
the stress in the concrete at the centroid of the prestressing
strands directly.

E
E_p fcgp

ci

AprS =Ep8p = (3)
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Fig. 11—E/M for elastic shortening losses measured in each series.

Table 6—Lump-sum approach using
PCI-Simplified?' method

Table 7—Lump-sum approach using AASHTO
Approximate'® method

Component Equations Equations
Ep .fplApS
Afpczz =K, E (fcir _fcds) AprT =100 A Yi¥e F12.07,v, + AprE
c g
Creep
= 1.7-0.01RH
e M, Vh
cds
I, 5
'Ysl 1+‘f;:
» |4
Shrinkage N g =(8:2X10°)K ,E, (1 - 0.06§)(100 —RH)
Table 8—Detailed approach using AASHTO
Relaxation Afpre = [Kre — J(Aos + Afysir + Afyer)]C Detailed'® method for before deck placement long-

1 e/ Me,
fcgp =fptAPs (Z"'IP_J_I—p (4)

t t t

This stress at the centroid of the prestressing strands can also
be found directly using the gross section approach,?' shown
in Eq. (5), which estimates the stress in the strand after
transfer to be 90% of that before (0.9f,,) and uses the gross
area A,, strand eccentricity e,, and moment of inertia /,.

2
1 e M e
fcgp = 0.9fptApX (A_-'-ILJ_% (5)

g g 4

The iterative gross section approach can also be used to
determine the elastic loss. As its name would suggest, this
method is used to obtain the final stress at the centroid of the
prestressing strands and elastic shortening through an itera-
tive process, which is described elsewhere.? This procedure
can also be represented by the expression shown in Eq. (6).
Use of this expression will estimate the elastic shortening
loss directly using the strand stress immediately prior to
transfer (f,).

:%@@+¢%y%%@
s = Al E

2 ci
A, (1, +e,4,)+ e

p

(6)
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term losses

Component Equations

Aforr= (Afpsr + AMpcr + AMori)ia

E
A per = ﬁﬁngide (td’ti)

_ 1

Kid -
E A ( Ae’
[1+E"A';[1+g]")(1+wa (tf,t,))]

ci g

Total long-term

N = —~0.118
creep Wt 1) = 1.9 ki,

k= 1.45 - 0.13(V/S) > 0

kp=1.56 —0.008RH

k,=—
“46l—4f+t

Afypsk = €piaKiaE),

Shrinkage Epia = kusknskiki40.48 x 1073

kye=2.0-0.014RH

Relaxation

L fpy

Mo = i(f" - 0.55]
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Table 9—Detailed approach using Time-Step

method
Step Process
Sten 1- Calculate the increment of creep and shrinkage for the time
p L step
Determine: (#,.-1,60), W(Zusto), &ilt-1), €snl(tn)
Step 2: Calculate the initial elastic strains on the cross section
Determine: feg,(t,1)
Step 3: Calculate the initial elastic strains on the cross section
Apri(ta-1, t2) = Mypsii(ta-1s 1) + Mpcr(ta-t1 t0) T Mpre(ta-t, 1)
Step 4: Calculate elastic rebound due to prestress loss
1 e’
A-fc,/oss (tn—l >1, ) = AprT (tn—l 51, ) Ap: [A + Ip]
g k4
E
A t ot )=A t ot )—>"—
Vs 10)= 8 )
Af;z,s[ep(tll—ly tn) = Af;JLT(tn—l’ tn) - Aﬁ),rebound(tn—ly tn)
Step 5 Determine creep-producing forces for the start of the next
P> step
ﬁl(tn) :fp(tnfl) - Aﬁ?,.vzep(tnfla tn)
Repeat: Return to Step 1 with new strand stress
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Each of these methods are explained in detail in the ACI
423.10 document currently under development.

The E/M using each of the three methods for each series
is shown in Fig. 11. All of the methods performed similarly,
with E/M between 0.76 and 1.01 and an average of 0.85.
The three methods have a similar theoretical basis, so it was
expected they would produce similar results.

Four different methods are mentioned by ACI 423.10 for the
estimation of long-term prestress loss, two of which are consid-
ered simplified, lump-sum approaches (PCI-Simplified,*! shown
in Table 6, and AASHTO-Approximate,'® shown in Table 7)
and two being more detailed analyses (AASHTO-Detailed,'®
shown in Table 8, and Incremental Time-Step shown in
Table 9). Each of these procedures are described in detail in
ACI 423.10 with design examples. A summary of the E/M
using all four of the estimation methods for specimens in
each of the series is shown in Fig. 12. All of the loss-esti-
mation procedures require the ambient relative humidity as
an input variable, so the specimens within each series are
subdivided based on storage location.

First comparing the two simplified procedures in
Fig. 12(a), the PCI simplified method is significantly more
conservative than the AASHTO approximate approach,
with an average E/M of 2.38 compared to 1.27. The E/M
using the PCI simplified approach are similar for the beams
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Fig. 12—E/M for long-term losses measured in each series using both (a) simplified methods, and (b) detailed methods.
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Fig. 13—Time-step analysis results compared to measured prestress loss over time for girders stored in Austin. (a) Series I; (b)

Series I1; (c) Series I1I; and (d) Series IV (CC specimens only).

constructed with softer limestone coarse aggregate (Series I
and III) compared to those with stiffer river gravel coarse
aggregate (Series II and IV). Using the AASHTO approx-
imate method, the E/M for Series II and IV is noticeably
higher than Series I and III. Comparison of the beams stored
in Lubbock versus those in Austin reveals that both methods
reasonably account for relative humidity effects.

Results from the two detailed procedures are presented in
Fig. 12(b). Both the AASHTO refined and incremental time
step methods offer accurate prestress loss estimates for the
beams investigated in this research, with E/M of 1.49 and
1.29, respectively. The accuracy of both detailed methods is
dramatically improved when compared to the PCI simplified
approach. The performance of the AASHTO approximate
method is similar to both detailed approaches.

One of the main advantages of both the AASHTO detailed
method and the incremental time step method is the ability
to estimate the development of loss over time. The time-step
analysis conducted for this research was completed using
the creep and shrinkage models found in the 2012 AASHTO
LRFD Bridge Design Specification.'® A model to represent
the concrete strength over time was developed based on the
measured compressive strengths obtained from cylinder
testing for each series. A sample of the time-step analysis
results plotted with prestress loss measured using VWGs is
shown in Fig. 13. Only beams stored in Austin made with
conventional concrete are presented, but the trends observed
in these beams also held true in those stored in Lubbock and
constructed with self-consolidating concrete.

ACI Structural Journal/September-October 2015

The incremental time-step analysis offers an excellent
estimate of both the loss development and the final loss for
the specimens constructed with the softer limestone coarse
aggregate in Series I and III. For the specimens constructed
with the stiffer river gravel coarse aggregate in Series II
and IV, the time-step analysis conservatively estimates the
prestress loss.

SUMMARY AND CONCLUSIONS

The purpose of this research was to 1) experimentally
investigate the effect of various parameters on the devel-
opment of prestress loss; 2) evaluate various methods for
monitoring and measuring prestress loss; and 3) analyze the
performance of various prestress loss estimation procedures.
The objectives were completed through the construction,
instrumentation, conditioning, monitoring, and testing of
30 full-scale bridge girders. From the experimental program,
several observations and conclusions can be made, some of
which confirm previous knowledge on prestress loss, and
extend observations made at a material behavior level to the
performance of beams:

1. The majority of prestress loss occurs within the first
4 months: The prestress loss was found to develop logarith-
mically, resulting in 90% of the 1-year prestress loss devel-
oping within the first 4 months after casting.

2. Relative humidity may influence prestress loss: Relative
humidity was found to influence the development of loss for
two out of the three series in which beams were stored in
differing climates. The beams for these two series were both
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cast using softer limestone course aggregate, which may
have affected the permeability of the concrete.

3. Concrete stiffness influences prestress loss: The concrete
stiffness was found to be strongly dependent on the coarse
aggregate type and content, which in turn greatly affected
the magnitude and development rate of prestress loss. A
larger quantity of a stiff aggregate will generally result in a
stiffer concrete and smaller prestress loss.

4. Prestress loss can be accurately measured using both
flexural service load testing and internal instrumentation:
Within the experimental program, prestress losses were
measured using VWGs and flexural service load testing.
Losses measured using VWGs were comparable to those
measured using flexural service load testing and a stiffness
based method for determining the point of first cracking.

5. Current loss procedures are available to offer conser-
vative or accurate loss estimation: Three different elastic
shortening estimation methods and four different long-term
loss estimation methods were investigated. A properly cali-
brated time-step method was generally found to accurately
model the development of prestress loss over time. The
PCI-Simplified approach offered consistently conserva-
tive loss estimations. Both the AASHTO-Approximate and
AASHTO-Detailed methods produced fairly accurate loss
estimates for the specimens in this study.
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