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B This study investigates prestress loss measured on
precast, prestressed concrete bridge beams for a
bridge in Oklahoma. The research examines the
effects of mild reinforcing steel in the bottom flange
of precast concrete girders and the alternative
prestressing pattern on the prestressing losses of
pretensioned bridge girders.

B Using solar powered batteries, a structural monitor-
ing system has been providing an ongoing stream
of data since beam fabrication and will continue
through the service life of the bridge.

B In addition to the measured data, the prestress losses
were predicted at the girder midspan using five dif-
ferent methods for computing prestress loss.

B Data show that current equations overestimate the
concrete elastic modulus at early ages, leading to an
underprediction of elastic shortening losses.

B Results show that prestress losses are reduced by
incorporating a combination of fully tensioned top
strand plus mild steel in the bottom flanges of the
bridge girder.

This paper investigates prestress losses measured on
precast, prestressed concrete bridge beams fabricated
and built for the State Highway 4 (SH 4) bridge over
the North Canadian River in Canadian County, Okla. The
SH 4 bridge consists of 15 spans; each span is nominally
100 ft (30 m) in length and supported by four Type IV gird-
ers made composite with the deck slab. Each of the 15 spans
featured different reinforcement details at end regions and at
midspan. Altogether, 60 pretensioned concrete bridge beams
were fabricated and erected as part of the SH 4 bridge.

This paper’s principal purpose is to experimentally examine
the impacts of the inclusion of mild-steel reinforcement as
primary reinforcement and alternative prestressing strand
patterns to assess the effects on prestress losses and beam
camber. The research experimentally examines the effects of
including mild reinforcing steel in the bottom flange of pre-
cast concrete girder and the alternative prestressing pattern
on the prestressing losses of pretensioned bridge girders.
This paper also examines different methods for comput-

ing prestress losses on five different cross-section designs.
Methods for computing losses included the PCI Design
Handbook: Precast and Prestressed Concrete method, both
the refined and approximate methods from the American
Association of State Highway and Transportation Officials’
AASHTO LRFD Bridge Design Specifications,' and the Jaya-
seelan time-step method.?

Two of the 60 prestressed girders were instrumented in end
regions and midspans with vibrating wire gauges, bonded
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foil strain gauges, and thermocouples with continuous moni-
toring from the time they were fabricated to the current date.

Background

In recent years, self-consolidating concrete (SCC) use has
increased significantly over conventional concrete mixtures.
SCC (or concrete variations based on SCC principles) is wide-
ly used in the present-day fabrication of prestressed concrete
bridge beams. SCC can be used to produce durable concrete
with hardened concrete properties sufficient for use in bridges
and other heavy construction projects. Okamura first proposed
this type of concrete in 1986.* Since then, the use of SCC has
increased rapidly in North America, particularly in the precast
concrete industry, where it has been employed extensively in
the United States since the mid-2000s. SCC is widely used

to manufacture precast concrete elements for bridges.* There
are several advantages to using SCC. Because SCC does not
require consolidation and is generally self-leveling, it signifi-
cantly minimizes labor and equipment costs.> SCC improves
workability because it is fluid enough to flow into forms and
around reinforcement without vibration. SCC has low segre-
gation and high flowability, making its placement uniform and
consistent. SCC also exhibits compressive strengths compa-
rable to that of conventional concrete.® The essential compo-
nents of SCC are the same as those of traditional concrete.
However, SCC usually consists of smaller coarse-aggregate
particles and smaller quantities of coarse aggregate (for a giv-
en concrete mixture proportions).” Also, SCC often requires
special gradations of aggregates. Because of these changes,
SCC has a greater paste volume than that of conventional
concrete.

Research has shown that the elastic modulus for SCC is
generally lower than that of conventional concrete with
similar compressive strength. This is largely attributed to the
larger paste volume in SCC.? Literature indicates that SCC’s
modulus of elasticity is about 10% to 15% lower than that of
conventional concrete with a similar compressive strength.>*
Because SCC has a smaller modulus of elasticity, many
researchers have reported that the prestress losses are higher
than those predicted by the current models.' Underpredicting
the elastic modulus of concrete for SCC leads to elastic short-
ening losses larger than those predicted by current models.
Creep and shrinkage losses may also be underpredicted, and
these time-dependent losses also depend on the concrete’s
paste content.

In addition to SCC’s lower elastic modulus, Bonen and Shah
note that the shrinkage of SCC is greater than that of conven-
tional concrete.!' Similar conclusions can be drawn regarding
creep because SCC incorporates less coarse aggregate volume
and smaller coarse aggregate sizes than non-self-consolidating
concrete mixtures. However, research on the effects of creep
in SCC is limited. None of the creep and shrinkage models
can include a broad range of SCCs that are applied in the
market today.'?
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The most common method to measure prestress losses is to
compute them from direct strain measurement of concrete.
Other researchers have attempted to infer prestress losses
from other measurements. These include the natural fre-
quencies of the structure,'* the magnetic permeability of the
prestressing strands,' and the stress wave velocity in acous-
toelastic methods.'® Baran et al.'” experimentally compared
different methods for determining losses in pretensioned
concrete girders. Baran et al. concluded that the most effective
method was the use of vibrating wire gauges embedded in

the concrete or attached to an exposed strand. Furthermore,

as detailed in a report on estimating prestress losses by joint
American Concrete Institute (ACI)-American Society of Civil
Engineers (ASCE) Committee 423,"® most successful field
applications and large-scale laboratory experiments for moni-
toring prestress losses are based on strain measurements using
strain sensors installed on the prestressing strands or other
nonprestressed reinforcement embedded in the concrete. The
strain measurements accurately represent the stress applied to
the concrete.'®

Jayaseelan and Russell” investigated the inclusion of fully
tensioned top strands and the effects on prestress losses and
cambers. The authors analyzed five different pretensioned,
prestressed beam designs, including a base case with no top
strand and no mild steel, two cases with varying amounts of
mild steel, and two cases that included both mild steel and
varying amounts of fully tensioned top strands. The authors
developed a prestress loss prediction model known as the
Jayaseelan time-step method, which breaks down time-depen-
dent changes in both concrete strength and elastic modulus
using the ACI 209R Egq. (2-1) framework." The research
compared the prestress losses using the PCI Design Hand-
book methods, the 2014 AASHTO LRFD specifications’
approximate and refined methods, and the Jayaseelan time-
step method. The Jayaseelan time-step method also computed
the camber using beam mechanics. Jayaseelan and Russell?
reported, based on analysis alone, that the inclusion of mild
steel and fully tensioned top prestressing strands acts to
reduce prestress losses and cambers compared with the base
case, which contained neither mild steel nor fully tensioned
top strands.

Methodology

Two of the 60 prestressed concrete girders for the SH 4
bridge were instrumented with vibrating wire strain gauges
(VWSGs) and thermocouples at midspans and end regions.
For the purposes of this paper, only the instruments at
midspan are considered as they pertain to prestress losses at
midspan. The instrumentation was attached to data acquisition
systems that were made part of a solar-powered structural
monitoring system that allowed continuous measurements
around the clock. The data presented in this paper come from
those systems.

Figure 1 shows the SH 4 bridge over the North Canadian Riv-
er. The typical cross section of the bridge is shown in Fig. 2.



Figure 1. State Highway 4 bridge over the North Canadian River, Canadian County, Okla. (view looking north-northwest).
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Figure 2. Cross section of State Highway 4 bridge. Note: 1”7 =1in. = 25.4 mm; 1" =1 ft = 0.305 m.
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Each of the 15 nominal 100 ft (30 m) spans contained differ- This paper examines the effects of these variations in rein-

ent reinforcement patterns at midspan. The construction of the ~ forcement at midspan, principally by physical measurement of
SH 4 bridge employed four different primary reinforcement concrete strains. The differences in prestressing strand pattern,
details and included differences in both prestressing strand plus the introduction of mild steel in the bottom flange, were
patterns and mild reinforcement. Primary reinforcement de- expected to affect both prestress losses and measured beam
tails are shown in Fig. 3 and the variations are summarized in ~ cambers. The designs for SH 4 included four different prima-
Table 1. All strands are 0.6 in. diameter. ry reinforcement details. These include details A through D
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Figure 3. Primary reinforcement details for Type IV girders on the State Highway 4 bridge. Note: No. 7 = 22M; 1” = 1in. = 25.4 mm.

Table 1. Prestressing strand patterns and longitudinal mild steel reinforcement

Prestressed

Total number Number of top Prestressed Area
. .. moment F_* X e, . .
of strands strands eccentricity e,” in. Kip "“” of mild steel, in.2
Base detail 44 0 19.0 38,736 0.00
Detail A 50 6 14.0 30,760 0.00
Detail B 48 6 13.4 28,264 2.40
Detail C 50 6 11.9 26,146 0.00
Detail D 50 6 11.6 25,487 2.40

Note: e = eccentricity of the prestressing strand,; ij = prestress jacking force. 1in. = 25.4 mm; 1in.2 = 645.2 mm?; 1 kip-in. = 0.11298 kN-m; 1 ksi = 6.895
MPa.

*Based on gross cross-section properties.

tJacking stress of 202.5 ksi is used for computations for prestressed moment.
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(Table 1). The base detail included neither fully tensioned top
strands nor mild reinforcement as longitudinal reinforcement
at midspan. All the details were modeled for stresses, strains,
and prestress losses, but physical measurements were made
only on span 9 (detail B) and span 14 (detail C).

Figure 3 displays the strand patterns and mild-steel reinforce-
ment layout for each cross section. Of these cross sections,
only detail B (beam mark 27) and detail C (beam mark 42)
were instrumented and prestress losses were measured from
strain gauges. The following descriptions summarize the cross
sections:

e Base detail: This detail was modeled for comparison pur-
poses only. The strand pattern is typical for many states
that do not use fully tensioned top strands.

e Detail A includes fully tensioned top strands to help
control concrete stresses in end regions. Detail A is a rep-
resentative strand pattern for pretensioned girder bridges
in Oklahoma.

e Detail B matches detail A but includes four no. 7 (22M)
reinforcing bars located in the bottom flange that help re-
duce creep strains. The reinforcement and strand pattern
in detail B were used in fabrication of beam mark 27.

e Detail C is an alternative prestressing pattern that distrib-
utes prestressing forces through the depth of the cross

section. Detail C effectively raises the center of gravity of

the prestressing strands and reduces the prestress eccen-
tricity more than detail A or B. The reinforcing pattern in
detail C was used in fabrication of beam mark 42.

e Detail D matches the prestressing pattern from detail C but
includes four no. 7 (22M) bars as primary reinforcement.

All 60 of the prestressed concrete Type IV girders fabricated
for the SH 4 bridge incorporate the use of fully tensioned top
strands. Fully tensioned top-strand patterns have been used in
Oklahoma since 1997 for the express purposes of controlling
stresses in end regions and deploying straight strand patterns
instead of draping or harping.?® Since that time, more than
800 precast, prestressed concrete bridges have been built
with bridge girders that include fully tensioned top strands.

It is safe to say that the State of Oklahoma, including both
the Oklahoma Department of Transportation (ODOT) and
Oklahoma Turnpike Authority, possesses three full decades
of experience using fully tensioned top strands with good
outcomes and few problems encountered. The use of fully
tensioned top strands reduces both the number of debonded
strands and the length required for debonding. All of the fully
tensioned top strands are straight and are not draped.

Concrete mixture proportions conformed to Class P speci-
fication of the ODOT Standard Specifications for Highway
Construction.” The four girders for span 9 were cast in the
same prestressing bed on April 23, 2020. The four prestressed

girders in span 14 were cast in the same prestressing bed on
April 27, 2020. The design release strength was 7500 psi
(51,700 kPa) and the design 28-day strength was 10,000 psi
(68,950 kPa). The cast-in-place concrete deck on SH 4
conformed to ODOT Class AA with a specified compressive
strength of 4000 psi (27,580 kPa).

Measuring losses in prestressed concrete requires accurately
accounting for steel strains and helps ensure the accurate re-
porting of strains associated with prestress losses. Therefore,
the elongation of the steel strands was observed, measured,
and recorded at the time of stressing for the two beams where
strains were measured. The results were as follows:

*  Initial pretension of 1000 Ib (4448 N) was placed on each
individual strand. This effectively straightened the strand
and allowed for the orderly tensioning of all strands.

The strand strain at this stage was not directly measured
because it is not possible to assess the amount of slack
in the strand prior to the initial tensioning. At 1000 1b
of preload tension, however, the strand strain would be
approximately 160 microstrains.

*  Each strand was marked with tape at the stressing end
of the prestressing bed. The prestressing beds were each
440 ft (134 m) in length. The length of free strand from the
dead end to the tape was approximately 430 ft (131 m).

e Each strand was individually tensioned to a total force
of about 44,000 1b (195,712 N). This corresponds to
202.5 ksi (1396 MPa) or O.75]jm where }; , is the specified
minimum tensile strength of prestressing strand concrete
members. Elongation was measured at 36 in. (914 mm)
and photographs were taken for quality control. The
strand strain at this stage was measured as 36 in./430 ft
(914 mm/131 m), or 0.006980 in./in.

*  Adding the two strains together gives a total prestress
jacking strain of 0.007140 in./in. That strain, using mod-
ulus of prestressing steel £ = 28,500 ksi (193,000 MPa),
gives a strand jacking stress of 203.4 ksi (1402 MPa).

In pretensioned concrete, strand and concrete remain bonded
in the absence of cracking. Therefore, after beam fabrication,
concrete and steel share the same strain deformations. Losses
that occur after beam fabrication because of concrete volume
changes subtract steel strains attained at pretensioning. These
losses are all inclusive of total prestress loss, apart from the
relaxation losses that occur in the steel. Relaxation losses
cannot be measured by concrete strains and must be estimated
from other models.

Results and discussion
Two prestressed beams, beam mark 27 (span 9) and beam
mark 42 (span 14) were instrumented with VWSGs, bonded

foil strain gauges, and thermocouples. Instrumentation was
installed at midspan and end regions, but this paper and the
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topics related to prestress losses are affected only by mea-
surements made at midspan. Figure 4 shows the location of
instrumentation at midspan of both beams. Data acquisition
systems were solar powered with batteries continuously
charged by solar panels. Continuous structural monitoring
was performed through wireless technology that transmit-

ted data from the instrumentation to data storage in real

time. Since April 2020, the structural monitoring system has
provided an ongoing stream of data from beam fabrication
through concrete casting, form removal, detensioning, han-
dling, storage, transit, erection, and construction of the bridge,
continuing through the current in-service life of the SH 4
bridge. The strain data were collected from VWSGs located in
the top flange 9.3 in. (236 mm) from the top of the beam, sit-
uated on the web 29.3 in. (744 mm) from the top of the beam,
and in the bottom flange located near the center of gravity of
the steel 48.5 in. (1232 mm) from the top of the beam. The
actual strain measurements can be adjusted to compensate for
the change in length of the vibrating wires due to temperature
changes, or the effects of temperature can be included in the
measurement. Figure 5 shows the instrumentation installed at
midspan of beam mark 27 before casting.

Measured concrete strains

When reporting losses from measured concrete strains, it is
important to remember that temperatures can affect the strain
measurement because concrete and steel both expand with

increases in temperature. To demonstrate and report the tem-
perature variations that occur at early ages, Figure 6 shows
measured concrete temperatures in the first 72 hours during
fabrication of beam mark 27 (span 9). The ambient tempera-
ture at the time of casting was approximately 80°F (27°C).
Maximum concrete temperatures occurred approximately

9 hours after casting. Maximum temperatures were measured
at approximately 170°F (77 °C) in the top flange and about
150°F (66 °C) in the bottom flange. At detensioning, signifi-
cant cooling had occurred and concrete temperatures ranged
between 115°F (46 °C) and 95°F (35 °C).

Figure 7 reports concrete strains in the first 30 hours after
concrete casting for beam mark 27. The strains reported

in Fig. 7 have been adjusted to compensate for changes in
temperature, so these values represent the measured concrete
strains that can be directly related to prestress losses.

Figure 7 shows the changes in concrete strain that occurred

at detensioning. For beam mark 27, detensioning occurred at
approximately 23 hours after casting. Detensioning was per-
formed by flame cutting individual strands over a time-frame
of about 30 minutes. Strain readings indicated that the bottom
flange compressive strain, located at the approximate center
of gravity of the bottom strands, decreased from approxi-
mately 0.00 strain to about 950 microstrains. Compressive
strains in the top flange were observed to increase from about
200 microstrains to about 600 microstrains.
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Figure 4. Instrumentation and instrument locations at midspan of beams mark 27, span 9 and mark 42, span 14. Note: 1" = 1in. =

254 mm; T’ =1ft=0.305m.
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After the girders were removed from the prestressing bed,
compressive strains slightly decreased in the top flange and
slightly increased in the bottom flange. These strains indi-
cate that a small frictional force was imposed on the precast
concrete beam by the restraint of the prestressing bed. As the
beam was lifted from the bed, that restraint disappeared, and
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additional curvature of the cross section was observed.?

Figure 8 reports the long-term strains measured on beam
mark 27 and includes the time in days through 900 days
(approximately 30 months). Beam mark 27 included mild
reinforcement in the bottom flange. Figure 9 reports the long-
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term strains measured on beam mark 42 in span 14. Mark
42 did not include mild reinforcement in the bottom flange.
Both beams were erected to the westernmost exterior girder
position of their respective spans.

Observations include the following:

e In both beams, the initial compressive strains after deten-
sioning were measured to be about -600 microstrains near
the top flange and about -1000 microstrains in the bottom
flange. Note that negative strains represent concrete
compression.

»  Strains measured immediately after release directly illus-
trate the effects of elastic shortening.

*  For the time period after release and prior to slab casting,
larger compressive strains are observed in the bottom

approximately -600 to -1000 microstrains and compres-
sive stresses in the bottom flange increased from approx-
imately -1000 to -1450 microstrains in beam mark 27
and -1600 microstrains in beam mark 42. Both represent
increases of strain in the range of 40% to 60%.

Girders were transported and erected in May 2020 at

33 days (beam mark 27) and 34 days (beam mark 42)

of age. From that point forward, the slope of changing
strains began to decreased with time. This was observed
from the date of hauling and erection until concrete deck
slabs were cast.

Both Fig. 8 and 9 show the effects from the dead load
of fresh concrete when the deck slabs were cast at 112
and 113 days. Significant changes in strains occurred

at slab casting; compressive strains in the top fibers in-
creased, whereas compressive strains in the bottom fiber

flanges compared with those at the top flange, indicating decreased. The fresh weight of the bridge deck con-
that the beam is cambering upward. crete effectively closed the gap in compressive strains
between the top of the bridge girder and the bottom. The
e Atearly ages, concrete strains increased significantly. decrease of variation in the measured strains from top
Within the first 110 days (from fabrication until slab cast- to bottom represents a strain condition where the dead
ing), compressive strains in the top flange increased from loads became effectively balanced by the prestressing

Table 2. Measured prestress losses

. Prestress losses’ in beam mark 42,
Prestress losses’ in beam mark 27,

Time, days Stage span 14, detail C without mild steel,
L s span 9, detail B with mild steel, ksi =

ksi
0 Initialization and casting 0.0 0.0
1 Before release -0.3 1.7
1 After release 23.8 25.2
3 After release 29.5 30.3
7 After release 31.8 33.4
14 Affter release 34.3 35.0
28 After release 35.1 36.1
33/34¢ Hauling and erection 35.4 36.9
113'/112¢ Before deck slab cast 38.4 41.8
113'/112¢ After deck slab cast 34.5 37.8
526'/521¢ October 1, 2021 37.3 37.8
618'/613* January 1, 2022 38.3 42.1
677'/672 March 1, 2022 37.5 43.2
799'/794¢ July 1, 2022 37.9 42.4
900 October 15, 2022 39.4 43.0

Note: E_ = modulus of prestressing steel. 1 ksi = 6.895 MPa.
t Beam mark 27, span 9.
1 Beam mark 42, span 14.

* Prestress losses are the product of E . X concrete strain at the center of gravity of prestressed reinforcement.
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moment. Note that load balancing is a common design
practice in post-tensioned concrete but not prevalent
(and rarely mentioned) in pretensioned concrete. Ideal
load balancing can be defined as the point where the
compressive strains become uniform through the depth
of the cross section. Even though in composite precast
concrete construction one will not observe uniform
compression from load balancing, results like these
where the strains at top and bottom nearly match after
all dead loads are applied show that load balancing can
still be employed to ensure effective design in precast,
prestressed concrete. The effects of load balancing can
be seen in Fig. 8 and 9 as the concrete strains come
together at days 112 and 113.

*  The average compressive strains over time increased after
deck-slab casting, which indicates that volume changes
in the prestressed concrete continued to cause prestress
losses to increase over time.

Measured prestress losses

The prestress losses in the bridge girders were computed from
the measured concrete strains, which were interpolated to find
the concrete strain at the center of gravity of the prestressing
strands. Total loss can be computed directly by multiplying
the concrete strain at the center of gravity by the modulus of
elasticity of the prestressing steel E.E, is taken as 28,500

ksi (193,000 MPa). Table 2 reports the measured prestress
losses that were computed as described. Table 2 reports

the losses from initial casting through 900 days. The losses
reported here account only for losses associated with changes
in concrete strain and do not include relaxation losses. They
will, however, include elastic shortening, creep, shrinkage and
any elastic gain that is achieved through application of dead
loads, or volume changes in other bridge elements like the
deck, parapets or diaphragms.

Over time, expected patterns for prestress losses emerged.
Figure 10 displays the prestress losses over time for both
beam mark 27 and beam mark 42. Prestress losses are plotted
on a logarithmic time scale that highlights the changes in
strain that occurred at early ages while also displaying the
time effects up to 900 days. At one day, the chart shows the
large initial jump in prestress losses at 24 hours when the
strands were detensioned. This jump in prestress losses is the
result of elastic shortening. The elastic shortening for both
beams is about 24 ksi.

Hauling (transportation) and erection on bridge bearings
occurred at day 33 for beam mark 27 and day 34 for beam
mark 42. From the initial detensioning until erection, prestress
losses increased over time. The total prestress loss in beam
mark 27 increased from 23.8 to 35.4 ksi (164 to 244 MPa, or
49%) and the total prestress losses in beam mark 42 increased
from 25.2 to 36.9 ksi (174 to 254 MPa, or 46%).
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Figure 10. Measured prestress loss at midspan. of beam mark 27 and beam mark 42. Losses are computed from direct concrete

strain measurements. Note: 1 ksi = 6.895 MPa.
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From erection through slab casting, prestress losses continued
to increase in both beam mark 27 and beam mark 42. Total pre-
stress loss just prior to casting were measured to be 38.4 ksi in
beam mark 27 and 41.8 ksi in beam mark 42, respectively. This
represents an increase, beyond the initial elastic shortening, of
61% in beam mark 27 and 66% in beam mark 42. Note that
beam mark 27 included four no. 7 mild steel reinforcing bars
in the bottom flange and that beam mark 42 did not. Over time,
prestress losses in beam mark 42 increase more than the losses
in beam mark 27, and this measurable effect may be the direct
result of the presence of mild reinforcement to help absorb time
dependent volume changes causing prestress forces to shed
from concrete to the mild reinforcement.

During slab casting, the measured prestress loss decreased in
both beams. This was caused by the self-weight of the fresh
concrete and the tension stresses the additional dead load
causes to the bottom fibers of the precast concrete bridge
beam. Measured losses show prestress loss decreased 3.9 ksi
in beam mark 27 (from 38.4 ksi to 34.5 ksi) and prestress loss
decreased 4.0 ksi in beam mark 42 (from 41.8 ksi to 37.8 ksi).
This decrease in loss is the effective tensile stress in the steel
caused as the precast concrete beam resists the self-weight of
fresh concrete. The literature and historical syntax refer to this
decrease in prestress losses as elastic gain.

After casting and hardening of the bridge deck slabs, which were
made composite with the girders, the data show that prestress
losses continued to increase. After deck slab casting and over the
next two-plus years, prestress losses in beam mark 27 increased
from 34.5 to 39.4 ksi (238 to 272 MPa). Similarly, prestress loss-
es in beam mark 42 increased from 37.8 ksi to 43.0 ksi (262 to
296 MPa). Significantly, at the approximate age of 900 days, the
total loss in beam mark 27 is 39.4 ksi (272 MPa) which is 19.5%
of the initial jacking stress of 203.4 ksi. Total loss in beam mark
42 is 43.0 ksi [296 MPa], which is 21.1% of the initial jacking
stress. Note that total loss in beam mark 42 is approximately 9%
larger than that from beam mark 27. Note that beam mark 27
contains mild reinforcement in the bottom flange whereas beam
mark 42 does not.

Estimating prestress losses

This paper estimated the prestress losses at the girder midspan
using five different methods:

e 2020 AASHTO LRFD specifications, approximate meth-
od'

* 2020 AASHTO LRFD specifications, refined method!

e PCI Design Handbook method (based on Zia et al*®)

*  Modified PCI Design Handbook method (using trans-
formed cross-section properties instead of gross proper-

ties)

*  Jayaseelan time-step method?
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AASHTO approximate and refined methods The
prestress losses computed using the AASHTO LRFD spec-
ifications’ approximate method combines long-term losses
from concrete creep, shrinkage, and relaxation of prestressing
strands. This method utilizes the gross section properties, so the
inclusion of mild reinforcing steel is not accounted for in the
prestress loss calculations. The AASHTO LRFD specifications’
refined method employs transformed cross-section properties.
To compute losses at a specific age, the refined method uses
time-dependent analysis by calculating the creep coefficient of
concrete and shrinkage strain of concrete for both the girder and
concrete deck at varying time intervals. Using the AASHTO re-
fined method, prestress losses were calculated before deck cast-
ing at approximately 110 days and again for time t = 900 days.
For the AASHTO methods, the initial modulus of elasticity £,
or design modulus of elasticity E_was estimated using AASH-
TO Eg. (5.4.2.4-1) with aggregate correction factor K, = 1.0:

E_=120,000K,w’f"** (AASHTO Eq. [5.4.2.4-1])

where
w, = unit weight of concrete
4 .
fc X = concrete compressive strength

PCI Design Handbook The PCI Design Handbook meth-
od was first published by Zia et al. in 1979.23 This method
estimates prestress losses using gross section properties

that exclude the effects of mild reinforcement. This study
also computed loses with a modified PCI Design Handbook
method, which employs transformed section properties.

Hale and Russell" showed that this was an effective means

to estimate prestress losses. In this research and for the PCI
Design Handbook method, the initial modulus of elasticity of
concrete E  or design modulus of elasticity of concrete E_was
estimated using the following equation from ACI 363R.*

E. =40,000{//”+1x10° psi (ACI 363R-10 Eq. [6-1])

Jayaseelan time-step method Jayaseelan and Russell?
proposed a time-step method for estimating day-to-day losses.
This method evaluates the strength and modulus of concrete
as a function of time, calculated daily. This method also uti-
lizes transformed cross-section properties of the girder. Creep
and shrinkage strains were analyzed independently and esti-
mated based on models for creep and shrinkage found in ACI
209." The method employs an “effective modulus” approach
from a creep coefficient that is computed daily. In these
estimates, the concrete age at transfer is 1 day and the time of
deck casting was 110 days. Prestress losses at midspan were
computed daily to 900 days. The Jayaseelan time-step method
is useful to predict day-to-day losses and can be graphed to
show the change in losses over time.

For this method, the initial modulus of elasticity of concrete
E  or design modulus of elasticity of concrete E_ was esti-
mated using the equation given in section 19.2.2.1a of the



American Concrete Institute’s Building Code Requirements
for Structural Concrete (ACI 318-14) and Commentary (ACI
318R-14). The equation is given as follows:

15 (f:)O.S

E =33w (ACI 318-14 Eq. [19.2.2.1.a])
where

w = unit weight of concrete

Elastic shortening

The measured elastic shortening losses are reported in

Table 3. The table also shows the concrete stresses at the
center of gravity f immediately after detensioning. In Table
3, elastic shortenlng was derived directly from measured
concrete strains and computed by multiplying the measured
strains by the steel modulus. The concrete stress f, o Was
computed from equilibrium at the midspan, where the effec-

Table 3. Comparison of the derived modulus from the measured elastic shortening with different design equa-
tions

Measured elastic

Modulus of elasticity, ksi

AASHTO Eq. (5.4.2.4-1) 5132
ACI 363R-10 Eqg. (6-1) 4347
ACI 318-14 Eq. (19.2.2.1a) 5072
Beam mark 27 (derived from concrete

) 3846
strains)
Beam mark 42 (derived from concrete

. 3914
strains)
ASTM C469 at 3 days, average 4090

Note: AASHTO = the American Association of State Highway and Transportation Officials; ACI =

shortening loss, ksi

n/a n/a
n/a n/a
n/a n/a
24.1 3.25
23.5 3.23
n/a n/a

American Concrete Institute; £ = sum of concrete

stresses at the center of gravity of prestressing strands due to prestressing force at transfer and the self-weight of the member; n/a = not applicable. 1

ksi = 6.895 MPa.

26.5 25.6 250

Prestress loss at release, ksi

PCI gross PCI
section transformed
property section
property
= Base detail
m Detail B (beam mark 27, span 9)

u Detail D

2020

23 3 19 21.
20 5 20 5
20 9 20.8 19.6
“l 20.2 ||g 5
AASHTO LRFD AASHTO LRFD

approximate
method

232

19
18.1
1/ 235
17 9 19.5
18.9
17 5 | |
Jayaseelan Measured loss

time-step
method

2020 refined
method

Detail A
m Detail C (beam mark 42, span 14)

Figure 11. Prestress loss at release for measured loss and predicted loss using various prediction models. Note: AASHTO
LRFD = the American Association of State Highway and Transportation Officials’ AASHTO LRFD Bridge Design Specifications.

1 ksi = 6.895 MPa.
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tive prestress force, after elastic shortening, must be balanced
by concrete stresses. These calculations led directly to the
computation for the initial elastic modulus of the concrete

E . Table 3 reports the measured E  along with E  values
computed from the three different commonly used design
equations. The data show that the commonly used design
equations overpredict £ by up to 30%. These data indicate
that the ACI 363R-10 equation 24 overpredicts the elastic
modulus by up to 13%. It is important to note that the AASH-
TO LRFD specifications’ equations for prestress losses were
developed using conventional concrete, during a time prior to
the widespread use of SCC. A common theme in the litera-
ture is that SCC tends to possess a lower elastic modulus than
conventional concrete and this fact is demonstrated in these
measurements.

These comparisons are also highlighted in Fig. 11, which
charts the measured elastic shortening versus the losses
predicted using the five different methods. It is notable that
all the loss-prediction models underestimated the elastic
shortening 10% to 20% of the measured elastic shortening
for both beams. Whereas elastic shortening was 24.1 ksi for
beam mark 27 and 23.5 ksi for beam mark 42, all of the pre-
dicted methods estimated elastic shortening at lower values
with the AASHTO refined method underestimating it by the
widest margin. This is because all of the various methods
overestimate the concrete modulus at release, so, in turn the
elastic shortening that results from the application of pre-
stress force is underestimated. The overprediction of concrete

49.749.6

modulus was observed in the early-age strain readings shown
in Fig. 7.

Comparison of measured and estimated
prestress losses over time

Figure 12 compares the prestress losses at 900 days that were
estimated using the various prediction models with measured
losses for beam mark 27 and beam mark 42. Table 4 reports
prestress losses at 110 days (the approximate day of slab
casting) and 900 days.

It is important to note here that both the AASHTO LRFD
specifications’ approximate method and PCI Design Hand-
book methods cannot predict other interim time intervals.

For methods that cannot predict losses at a specific time, the
long-term losses were substituted into Table 4 and Fig. 12 for
900 days.

The AASHTO LRFD specifications’ refined method over-
predicted the losses in girder mark 27 by 2.2 ksi (15 MPa)
and underpredicted the losses in beam mark 42 by 2.2 ksi
compared with the measured losses. The Jayaseelan time-
step method underestimated the prestress losses in mark
27 by 3.5 ksi (24 MPa) and underestimated losses for mark
42 by 8.6 ksi (59 MPa). However, any similarity in the loss
estimations at 900 days should be tempered by the fact that
the AASHTO LRFD specifications” methods significantly
underpredicted elastic shortening but then overpredicted

o
o

48.348.2

N
()]

w
(&}

Prestress loss after 900 days, ksi
N
(=)

PCI gross PCI transformed
section property section property 2020
approximate

method

AASHTO LRFD AASHTO LRFD

Jayaseelan Measured loss
time-step

method

2020 refined
method

HBeam mark 27, span 9
mBeam mark 42, span 14

Figure 12. Prestress loss after 900 days for measured loss and predicted loss using various prediction models.
Note: AASHTO LRFD = the American Association of State Highway and Transportation Officials’ AASHTO LRFD Bridge Design

Specifications. 1 ksi = 6.895 MPa.
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Table 4. Estimated prestress losses at midspan

AASHTO LRFD 2020
Cross-section

detail

Time-step
Approximate Refined Gross Transformed method
method method properties properties
25.0 23.2 26.5 25.6

PCI Design Handbook
Measured

losses

1 24.0 n/a

Base 110 n/a 47.4 n/a n/a 43.9 n/a
900 SilsE 49.7 55.0 55.0 42.6 n/a

1 21.9 19.7 23.3 19.9 21.5 n/a

A 110 n/a 42.1 n/a n/a 40.2 n/a
900 50.5 44.3 529 53.6 38.5 n/a

1 20.5 18.1 21.7 20.9 19.7 23.5

B 110 n/a 39.5 n/a n/a 37.3 38.4
900 48.3 41.6 49.7 49.6 35.9 39.4

1 19.6 17.9 20.9 20.8 19.5 24.1

(of 110 n/a 39.4 n/a n/a 37.2 41.8
900 48.2 42.1 49.6 50.5 35.7 43.0

1 19.6 17.5 20.9 20.2 22.1 n/a

D 110 n/a 38.7 n/a n/a 36.4 n/a
900 48.2 40.8 49.6 49.5 34.7 n/a

Note: AASHTO LRFD = the American Association of State Highway and Transportation Officials’ AASHTO LRFD Bridge Design Specifications; n/a = not

applicable. All values are in ksi. 1 ksi = 6.895 MPa.

the time-dependent losses. Similarly, the time-step method
employed by Jayaseelan underpredicted elastic shortening
and this underprediction persisted through the 900 days of
measurement.

Figure 13 graphs the measured prestress losses and those esti-
mated from the Jayaseelan time-step method. The Jayaseelan
time-step method was used to determine prestress losses in both
girders immediately after release at 24 hours, during storage, at
girder installation on the bridge site, just prior to deck casting,
right after deck casting, and after 900 days (approximately

800 days of in-service life). The trend of the loss prediction
curve graphed using the Jayaseelan time-step method closely
follows the measured losses for both girders mark 27 and 42.
Figure 13 also plots the prestress losses that are predicted for
the base case. The prediction model shows that the inclusion
of fully tensioned top strands coupled with mild reinforcement
reduces the prestress losses by approximately 6.3 ksi.

According to Table 4, the prestress losses estimated using
different methods are significantly different. The AASHTO
LRFD specifications’ refined method is based on experiments
with normal-strength concrete, and in this study, the predicted
values of prestress losses using the AASHTO LRFD specifi-
cations’ refined method were 2.4% larger than mark 27 and
8.7% lower than measured.

Comparison of measured losses
and Jayaseelan time-step method
with corrected modulus of elasticity

Results from Table 4 show that the overprediction of the
elastic modulus led to the underestimation of the losses. One
of the aims of this study is to evaluate the Jayaseelan time-
step method. Therefore, the prediction method was repeated
but using the corrected elastic moduli reported in Table 3. The
initial modulus (at release) of elasticity of concrete £, was set
to 3846 ksi (26,518 MPa) for mark 27, span 9 and 3914 ksi
(26,987 MPa) for mark 42, span 14. Due to unavailability of
substantial test data for the modulus of elasticity of the beams
at later ages, the modulus of elasticity of the aging concrete E,
was estimated using ACI 363R-10 Eq. (6-1). This may have
led to additional underestimation of losses over longer time
periods. The Jayaseelan time-step method, when adjusted for
the measured elastic modulus, provides an estimate for total
prestress loss within 11% of that measured.

General comments regarding
the estimation of prestress losses

One of the lessons that comes from this research, which is fo-

cused on the physical measurements of concrete temperatures
and concrete strains at early and later ages, is that engineers,
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Figure 13. Prestress loss over time for both measured loss and predicted loss the Jayaseelan time-step method.

aNote: 1 ksi = 6.895 MPa.

designers, owners and fabricators should not place too much
emphasis on the precise calculation of prestress losses from
design calculations. Instead, these computations about pre-
stress losses, despite best intentions and despite the appear-
ance of precision (because of the detail and complication
often found in those calculations), it may be best to remember
that the calculation represents only an estimate. Therefore, the
authors find common ground with the language of the past,
which stated that the prestressed concrete industry (owners,
fabricators, engineers, and constructors) recognized that we
were merely estimating prestress losses and not performing
precise calculations.

General comments regarding design
choices: raising the center of gravity

Both of the prestressed concrete girders in which this study
measured prestress losses were designed and built with
prestressing strand patterns that raised the center of gravity of
the prestressing steel and effectively reduced the prestressed
moment. This was highlighted in Table 1, where the cross
sections that had smaller eccentricity also had smaller pre-
stressed moment. From Table 1, the base detail had the largest
prestressed moment. That same detail goes on to exhibit the
largest estimated prestress losses as shown in Table 4 (49.7 ksi
[343 MPa] using the AASHTO LRFD specifications’ refined
method). The difference between the base detail and that of
detail A (commonly used in Oklahoma) is estimated to be

5.4 ksi (37 MPa). The evidence from this relatively simple
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comparison as well as from other research shows clearly that
the inclusion of fully tensioned top strands can effectively re-
duce prestress losses at least at the centroid of the prestressing
force. Although it may be true that the total losses for strands
in the bottom flange are unaffected by the inclusion of fully
tensioned bottom strands, the engineer should remember that
the total prestressing force is more balanced because the pre-
stress forces in the top of the beam will not possess prestress
losses as large as those for the bottom strands.

General comments regarding
design choices—inclusion of mild steel
as primary reinforcement

This research provides a direct comparison between two
cross sections. Specifically, beam mark 27 contained mild
reinforcement in the bottom flange, whereas beam mark 42
did not. The results from this direct comparison appear to be
stark and clear. Both beams had similar initial elastic short-
ening losses and similar concrete strains at initial stages.
However, over time, beam mark 27 experienced significantly
smaller prestress losses. From the period of time beginning
with detensioning to 900 days, the increase in prestress losses
in beam mark 42, with no mild reinforcement, were signifi-
cantly larger than the losses measured in beam mark 27.
Beam mark 42 (without mild steel) increased losses 71%, by
17.8 ksi (123 MPa), to a total of 43.0 ksi (296 MPa), whereas
mark 27 (with mild steel) increased losses 66%, by 15.6 ksi
(108 MPa), to a total of 39.4 ksi (272 MPa). The authors



recommend that engineers and fabricators consider the use of
mild steel in the bottom flanges to help control prestress loss-
es (and mitigate camber growth). Moreover, consider that the
beam mark 42 had lower prestressed moment (Table 2). So,
effectively, the inclusion of mild steel is effective at reducing
long term losses even more than the direct comparison of the
two cross section demonstrates.

General comments about SCC
and prestress losses

The research shows that the total prestress losses were heavily
influenced by larger-than-predicted elastic shortening losses.
Elastic shortening was under-predicted because the SCC had
approximately 15% to 33% lower elastic modulus than that
predicted by design equations. Also, the preponderance of
evidence in the literature indicates that the elastic modulus

for SCC can be expected to be smaller than that of con-
ventional, non-self-consolidating concrete. The change in
material properties is significant and the changes should be
considered when estimating prestress losses (and cambers).
However, more research is needed where direct measurements
of concrete strains and prestressed losses are made on beams
that employ SCC. In the meantime, it seems prudent to adopt
design details, such as the inclusion of mild steel and fully
tensioned top strands, to help mitigate prestress losses and
other serviceability problems that might result from total
losses larger than predicted.

Conclusion

e The measured elastic modulus for SCC was 15% to 33%
smaller than that predicted using commonly used design
equations for elastic modulus. Because of this, the mea-
sured elastic shortening losses were underpredicted by
similar percentages.

*  Commonly used design equations that estimate elastic
modulus appear to significantly overestimate the value of
early-age concrete elastic modulus. This leads to signifi-
cant underestimation of elastic shortening losses by 30%
or more and underprediction of elastic shortening loss.

e The Jayaseelan time-step method, when used with the
corrected modulus of elasticity of concrete, accurate-
ly predicted losses that were comparable to measured
losses.

e The use of fully tensioned top prestressing strands
reduced prestress losses by reducing the eccentricity of
the prestressing force. Additionally, other prestressing
patterns that raise the center of gravity of the prestressing
force work in the same manner to reduce prestress losses.

e The Jayaseelan time-step method is a reliable method for
estimation of prestress losses. However, underprediction
of the elastic shortening at early ages resulted in under-
prediction of the losses at early ages.

*  The elastic modulus for SCC is usually lower compared

with conventional concrete. Overestimating the modu-
lus of elasticity of concrete leads to underestimating the
elastic shortening losses at an early age.

* A new equation that provides best accuracy for estimat-

ing elastic modulus for SCC should be developed for
accurate estimation of prestress losses.

*  The experimental data has shown that the losses can be

reduced by incorporating a combination of top prestress-
ing strands and mild steel in the bottom flange of the
concrete girder bridge.

e The inclusion of mild reinforcement reduces the total

prestress losses by approximately 10% in measured
experimental data.

e The AASHTO LRFD specifications’ refined method

significantly underpredicts elastic shortening losses
because the method uses common design equations for
elastic modulus. Those equations overpredict the elastic
modulus for SCC. Over time, the AASHTO refined
method aligns more closely with measured values. This
finding suggests that the AASHTO LRFD specifications’
refined method inaccurately predicts both the short-
term (elastic shortening loss) and long-term (creep and
shrinkage) parts of prestressed losses. Therefore, this
study finds that this method is inaccurate at both short-
term and long-term estimates for the SCC used in these
beams, and that the fact that predicted losses ended

up within 10% of the measured losses is coincidental.
The prestress loss equations in the AASHTO LRFD
specifications should be revisited with more emphasis
on producing losses from systematic measurement of
hardened-material properties.

Recommendations

*  Engineers, contractors, fabricators, and owners should
consider the use of mild steel in the bottom flanges in or-
der to help control prestress losses (and mitigate camber
growth).

*  Engineers, contractors, fabricators, and owners should
consider inclusion of fully tensioned top strands as part
of an overall strategy to control prestress losses. Qual-
ity assurance programs for concrete materials should
include measurements of elastic modulus at early ages
and at 28 days. These results should be communicated to
engineers, contractors, and other stakeholders to assist in
predicting prestress losses.

e In estimating prestressed losses, the elastic modulus used
when estimating prestress losses should be derived from
physical measurement of elastic modulus of concrete
made from representative mixtures and representative
constitutive materials.
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The AASHTO LRFD specifications’ equations for
prestress losses should be modified or changed to reflect
the changes in the material properties of commonly used
concrete.
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Notation

e = eccentricity of the prestressing strand

E, = design modulus of concrete at detensioning

E, = initial modulus of concrete at detensioning

E = modulus of prestressing steel

f o = sum of concrete stresses at the center of gravity

of prestressing strands due to prestressing force at
transfer and the self-weight of the member

Jim = specified minimum tensile strength of prestressing
strand concrete members

F = effective prestressing force in the strands after
losses

= concrete compressive strength

K, = a correction factor for the source of aggregate to be
taken as 1.0

t = time

w = unit weight of concrete

w = unit weight of concrete
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Abstract

This study investigates prestress loss measured on
precast, prestressed concrete bridge beams for a bridge
in Oklahoma. The research examines the effects of
including mild reinforcing steel in the bottom flange of
precast concrete girder and the alternative prestressing
pattern on the prestressing losses of pretensioned bridge
girders. Using solar powered batteries, a structural moni-
toring system has been providing an ongoing stream of
data since beam fabrication and will continue through
the service life of the bridge. In addition to the measured
data, the prestress losses were predicted at the girder
midspan using five different methods for computing
prestress loss. Data show that current equations overesti-
mate the concrete elastic modulus at early ages, leading
to an underprediction of elastic shortening losses. Re-
sults show that prestress losses are reduced by incorpo-
rating a combination of fully tensioned top strand plus
mild steel in the bottom flanges of the bridge girder.

Keywords

Mild-steel reinforcement, prestress loss, self-consol-
idating concrete, time-step method, vibrating wire
strain gauge.
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