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Abstract: The highway infrastructure in the United States is facing increasing performance and durability issues due
to aging. One of the recent issues faced by precast prestressed concrete (PPC) deck girder bridges is the occurrence of
transverse cracks in the soffit of the girders. Transverse cracks adversely affect the capacity and ductility of the girder
and lead to increased stresses in the strands. There is an increasing need to repair and mitigate the effects of transverse
cracks in these girders. This paper proposes an innovative repair of transversely cracked PPC bridge deck girders using
shape memory alloy precast prestressing plates (SMA-PPP). The feasibility of applying external prestressing using voided
SMA-PPPs was investigated experimentally by affixing them to a mortar block. The mortar block successfully developed
the expected prestress and exhibited a 50% improvement in capacity compared to a control block under a four-point
bending test. A numerical investigation was also conducted to assess the improvement in capacity and load rating of a
transversely cracked PPC deck girder repaired using voided SMA-PPPs. Furthermore, a parametric study was conducted
to assess the influence of the width of transverse cracks, the length of the PPP, and the SMA–concrete area ratio on
the improvement in the capacity and load rating of the repaired girders. The numerical analysis demonstrated a 36%
improvement in the capacity of the repaired girders, which resulted in a 40.91% improvement in the load rating.
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Introduction

Prestressed concrete bridges account for nearly a third of
all the bridges in the United States. Among the many types
of prestressed bridges, precast prestressed concrete (PPC)
deck girder bridges (also known as adjacent box girders)
are a prevailing choice (one-third of all the prestressed con-
crete bridges), especially for short to medium-span bridges.
According to the National Bridge Inventory,1 nearly 5%
of the PPC deck girder bridges in the United States are
in “poor” condition, and an additional 6.7% of bridges
are forecasted to deteriorate to poor condition in the next
decade. Therefore, the PPC deck girder bridges are fading
out of popularity due to durability and performance issues
that arise due to the formation of longitudinal and transverse
cracks and corrosion, which affect the capacity and perfor-
mance of the bridges.

Transverse cracks, the most critical cracks, occur at the
bottom (tension face) of the girder and cause a reduction
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in the capacity of the girder and a buildup of stresses in
the girder, thereby affecting the capacity and serviceability
of the girder. They could expose the strands to the envi-
ronment, leading to corrosion and exacerbating the strength
and durability issues. The effect of a transverse crack on a
damaged girder’s performance can be measured using the
capacity and built-up stresses, which are used to load rate
the girder. In Xiaohong,2 a continuous prestressed box girder
bridge adversely affected by transverse cracks was studied.
It was observed that the transverse cracks caused increased
deflection and higher tensile stresses at the soffit of the
girders. This example highlights the adverse effects of trans-
verse cracks on a bridge’s structural safety and performance.
In a recent study by Gunasekaran et al.,3 an in-service
838 mm × 914 mm Illinois Department of Transportation
PPC girder with a transverse crack was tested at the Uni-
versity of Illinois at Urbana-Champaign (UIUC). It was
observed that the girder exhibited an elastic capacity 34%
lower than its nominal capacity, and the strand stresses at
the crack, predicted using analytical models, could be 29%
higher than in the uncracked girder. Thus, the load rating
of the girder was significantly impacted, and the girder was
predicted to have a rating below zero, rendering the girder
unusable. This shows the importance of assessing the resid-
ual capacity and the strand stresses at a transverse crack.

In permissible cases, retrofitting the damaged girder to
ensure adequate strength and serviceability would be more
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Figure 1. Plan view of an SMA-PPP showing the flow of prestressing forces across the specimen

economical and eco-friendly than constructing a new bridge.
The external retrofitting methods adopted can be prestressed
or non-prestressed in nature. External prestressing is a
method where the prestressing strands/tendons are located
outside the concrete section. Since the 1990s, it has been
extensively used to retrofit and rehabilitate prestressed con-
crete structures. External prestressing has also been used to
control deflections and to increase the sectional capacity
Xiaohong.2,4 The drawbacks associated with the traditional
external prestressing method include (i) expensive equipment
to prestress and anchor the strands, (ii) the requirement of
sufficient space for bulky steering blocks, instruments, and
anchorage systems, (iii) the need for routine maintenance,
which could increase the associated cost of the bridge,5–7

and (iv) external prestressing tendons are also prone to
corrosion.8

In the past three decades, shape memory alloys (SMAs)
have been used to provide innovative structural engineering
solutions like seismic isolators, energy-dissipating braces,
dampers,9,10 prestressing elements, and in repairing and
strengthening steel and concrete structures in flexure and
shear.6,11–13 SMAs are metals that can return to their original
shape when heated, a behavior known as the shape memory
effect (SME). This occurs through a microstructural phase
transformation from martensite to austenite upon heating
above the austenite finish temperature (Af ). If the SMA is
restrained during this transformation, it generates a recovery
stress, which can be harnessed to apply prestress in civil
engineering applications.6,11,13 In an experimental study by
Zhao and Andrawes,6 an innovative prestressing method
using an SMA precast prestressing plate (SMA-PPP) was
introduced. As the SMA wires were bent at the ends (see
Fig. 1), they were self-anchored to the precast plate and
restrained against moving or slipping. Upon heating and
cooling, the SMA wires developed their recovery stress and,
in turn, prestressed the mortar enclosed between the ends
of the wire. Thus, the PPP developed a prestressed area
in the middle, as shown by the area in the red ellipse in
Fig. 1. This is the mechanism by which the concrete plate is
prestressed using SMA. When voids were introduced in the
plate, there was a notable reduction in the self-weight of the
repair mechanism, thereby inducing higher stress in the plate

and repaired member for the same prestressing force. There
was also a decrease in the tensile demand on the adhesive
layer due to the reduced plate weight. When the SMA bars
were placed in the voids, it allowed for faster heating and
cooling of the bars compared to when they were encased in
concrete.

In previous studies,6,13–15 smaller-diameter wires (1–2 mm)
were used, as they were commercially available in a heat-
treated and prestrained state, ready for use in prestressing
applications. However, for real-world practical applications,
larger-sized SMA wires and bars are needed. Due to the
different treatment and working that the material under-
goes at various sizes, the behavior of the large-sized SMA
wires is expected to be different from that of smaller-sized
wires. Thus, this study investigates the use of larger-sized
(6.3 mm diameter) NiTiNb bars with a recovery stress of
275 MPa. From the literature review, it was found that
there is a need to experimentally investigate the prestressing
capabilities of the 6.3-mm SMA bars and the improvement
in the flexural capacity of concrete members when repaired
using SMA-PPPs. There is also a need to examine the
feasibility of repairing large-scale damaged girders using
SMA-PPPs numerically. This study addresses these needs
by (i) developing the concept of voided SMA-PPPs, (ii)
experimentally investigating the prestressing effect of voided
SMA-PPPs with the 6.3-mm NiTiNb bars, (iii) developing
and experimentally validating a numerical model of the
voided SMA-PPPs, and (iv) extending the concept of repair
using voided SMA-PPPs to girders damaged by transverse
cracks.

Proof-of-Concept Voided SMA-PPP

Description of test specimens

In this study, two PPPs were fabricated, one without SMA
bars and the other reinforced with SMA bars. The PPP
specimen dimensions were 304 mm × 152 mm × 19 mm, as
illustrated in Fig. 2a. Both PPP specimens had two rectangu-
lar voids in the middle, with dimensions of 184 mm × 44 mm,
positioned along the long direction and at the center of the
plate. These voids primarily optimized the use of materials by
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Figure 2. Details of specimen: (a) schematic of PPP (units in mm); (b) mold of PPP with SMA bars; (c) PPP and block
after demolding; (d) surface preparation; (e) epoxy application; and (f) PPP attached to block

reducing the amount of mortar required. Furthermore, these
voids facilitated the effective heating of the embedded SMA
bars by allowing the bars to be exposed in the void region.

The SMA-PPP included two SMA bars shaped to provide
efficient prestressing and self-anchorage. Each SMA bar was
bent 180° at one end, forming two legs. The opposite ends
of the outer SMA bar were bent 90° to secure the bars
inside the PPP, creating four legs. The straight sections of
the SMA legs passed through the voids in the PPP, allowing

the open ends of the bars to be used for heating by passing
an electric current. The NiTiNb SMA bars with a diameter
of 6.3 mm were used. According to the energy-dispersive X-
ray spectroscopy analysis results, the chemical composition
comprised 55% Ni, 36% Ti, and 13% Nb by weight.16 This
alloy was chosen for its wide thermal hysteresis and relatively
high recovery stress. The elastic modulus of the bars used
is 87,870 MPa, and the yield stress is 500 MPa. With a
thermal hysteresis range exceeding 200°C, NiTiNb SMA

214250028-3 BER Open: Int. J. Bridge Eng., Manage. Res.

BER Open: Int. J. Bridge Eng., Manage. Res., 2025, 2(3): 214250028



could maintain a recovery stress of approximately 275 MPa
at ambient temperature.17 These already prestrained SMA
bars were bent into shape and placed at the mid-height of
the PPP specimen before casting the mortar. A schematic
diagram showing the PPP, voids, SMA legs, and dimensions
is presented in Fig. 2a.

The formwork used to cast the PPP was made from wood,
and the voids were covered with aluminum foil to prevent
mortar from entering the voids during the casting process,
as shown in Fig. 2b. In addition to the PPP specimens,
two mortar blocks with dimensions of 406 mm × 152 mm
× 51 mm were cast concurrently with the PPP to ensure
consistency in mortar strength between the PPP specimens
and the mortar blocks. Furthermore, six mortar cylinders
with dimensions of 102 mm in diameter and 203 mm in
height were also cast to determine the compressive strength
of the mortar. The specimens were demolded 24 hours after
casting and cured for 28 days, as shown in Fig. 2c. After
demolding, the surfaces of the PPP and the mortar block
were prepared for bonding by sanding and creating grooves
with a grinder to ensure good adhesion between the epoxy
and the mortar. This surface preparation step, illustrated in
Fig. 2d, was crucial for creating a strong bond between the
PPP and the block. Following the surface treatment, epoxy
was applied uniformly to both the PPP and the mortar block,
as shown in Fig. 2e. After ensuring a consistent thickness
of epoxy, the PPP was carefully attached to the block, and
steel weights were placed on top of the PPP to maintain firm
contact and ensure proper bonding. The assembly was left
to cure for 48 hours. After curing, the weights were removed,
and the PPP was found to be perfectly bonded to the block,
as shown in Fig. 2f.

Experimental test setup and results

The test setup for the SMA-PPP attached to the mortar
block is shown in Fig. 3a. The specimen was placed on two
circular steel rods serving as vertical supports. Two strain
gauges were strategically installed to monitor the strain
response during the activation of the SMA bars. The first
strain gauge (S1) was attached just above the bonding inter-
face in the center of the PPP. Another strain gauge (S2) was

placed right underneath the interface in the center of the
block. This strain gauge setup was established to measure
the transfer of prestressing force from the PPP to the block
through the bonding interface. The strain measurements of
both the PPP and the block were used to monitor the pre-
stressing effect induced by the SMA activation and to assess
the effectiveness of the bond between the two components.

The SMA bars in the PPP consisted of four legs, which
passed through the rectangular voids in the PPP. The
exposed ends of the SMA bars were connected to a poten-
tiostat using copper wires and electrical clamps to produce
the electrical current necessary to heat the bars, as shown in
Fig. 3a. The heating of the SMA bars triggered the SME,
allowing the bars to introduce compressive forces into the
PPP. A thermocouple was attached to the middle of the
exposed SMA leg to monitor the temperature of the SMA
bars and avoid overheating. The target activation temper-
ature was 200°C, ensuring the complete activation of the
NiTiNb SMA bars while preventing overheating.

Each SMA leg was heated one at a time to the target
temperature, and once the temperature reached 200°C, the
electrical power was shut off. This sequential heating of the
four SMA legs ensured uniform activation of the prestress-
ing force. After heating all four SMA legs, the specimen
was allowed to cool to room temperature. Throughout the
heating and cooling process, strain data were continuously
recorded by a data acquisition system to capture the real-
time response of both the PPP and the block.

The compressive strength of the mortar used in the exper-
iment, determined from the cylinder tests, was 64 MPa on
the day of testing. The strain response over time for both
strain gauges (S1 and S2) is shown in Fig. 3b. During the
heating phase, strain oscillations were observed in the data,
which can be attributed to the sequential heating of the SMA
legs and the resulting shape recovery process. At the end
of the cooling phase, the strain in the PPP (S1) reached a
stable value of −83 με, while the strain in the mortar block
(S2) stabilized at −53 με, both in compression. The stable
compressive strains indicated that the SMA bars generated
recovery stress, which was effectively transferred across the
interface. Based on the stress–strain relationship obtained

Figure 3. SMA activation: (a) test setup and (b) strain gages’ readings
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Figure 4. Numerical analysis: (a) assembly of the model and (b) strain distribution

from the mortar cylinder tests, the corresponding compres-
sive stress in the PPP when the strain reached -83 με was
approximately 3.12 MPa. Similarly, the compressive stress
in the mortar block, associated with a strain of −53 με,
was approximately 2.0 MPa. These results validated that the
SMA activation produced significant compressive stresses in
the PPP and that these stresses were successfully transferred
to the mortar block.

Numerical analysis of SMA-PPP

A three-dimensional (3D) numerical model of the SMA-
PPP attached to the mortar block was developed using the
finite element (FE) software ABAQUS18 to validate the
experimental results. The assembly of the model is illustrated
in Fig. 4a. The mortar plate, block, and steel supports were
modeled using C3D8 elements. The SMA bar, which had
the same geometry and bending configuration as the experi-
mental specimen, was modeled using B31 beam elements. To
ensure full anchorage between the SMA bars and the sur-
rounding mortar, the embedded region feature was employed
for the bent sections of the SMA bars inside the mortar plate.

A concrete damage plasticity model was utilized for the
mortar, with a Young’s modulus (Ec) of 37.6 GPa and a
Poisson’s ratio of 0.2. The concrete damage plasticity model
required several additional parameters to describe the mate-
rial’s plastic behavior, including a dilation angle of 30°,
an eccentricity of 0.1, a ratio of initial biaxial to uniaxial
compressive strength (f b0/f c0) of 1.16, a K value of 0.6667,
and a viscosity parameter of 0. These values were chosen
based on material characterization and previous research.6

To prestress the SMA bars, a temperature field combined
with a negative thermal expansion coefficient was applied
to the straight sections of the SMA bars passing through
the voids, ensuring that the recovery stress in the SMA bars
reached the desired value of 275 MPa.

To simulate the bonding, the epoxy adhesive between the
PPP and the mortar block was modeled as a 2-mm thin cohe-
sive layer tied to both surfaces. The behavior of the epoxy
at the interface was captured using a traction-separation law
in ABAQUS.18 Three parameters were defined to represent
the adhesive’s behavior: the normal modulus (Enn) and the

shear moduli (Ess and Ett). Based on Zhao and Andrawes,6

the moduli (Enn, Ess, and Ett) and maximum shear stress in
the model were set to 34.5 MPa and 7.9 MPa, respectively.
For normal separation, the maximum stress was equal to the
tensile strength of the concrete, representing bond failure at
that limit.

The strain distributions obtained from the numerical
analysis are shown in Fig. 4b. The model indicated com-
pressive strain within the prestressed area of the plate, while
tension was visible at the bottom of the mortar block. The
strain distributions showed that the prestressing forces in the
PPP were efficiently transferred to the mortar block through
the epoxy layer. No signs of debonding at the interface were
observed. This observation confirmed the adequacy of the
epoxy in maintaining a strong bond between the plate and
the block. Furthermore, the tensile strain observed at the
bottom of the block proved that the activated SMA bars
produced substantial compressive stress in the PPP, which
was successfully transferred to the mortar block.

A comparison of the strain values from the numerical
model with the experimental results was performed to vali-
date the numerical analysis. The strain measured in the PPP
(S1) from the numerical model was found to be −89 με,
which was only 7% higher than the experimental value of
−83 με. Furthermore, the strain in the mortar block (S2)
was −60 με, with a 13% difference from the experimental
value of −53 με. These relatively small differences between
the numerical and experimental strain values indicated a
satisfactory agreement, suggesting that the numerical model
accurately replicated the experimental behavior.

This validation is crucial for ensuring the accuracy and
reliability of the beam analysis in the subsequent sections.
By closely replicating the experimental strain values, the
numerical model lays a solid foundation for predicting the
prestressing effects and performance improvements of
the SMA-PPP in full-scale beam applications.

Flexural test setup and results

A four-point bending test was conducted on the two speci-
mens to assess the flexural performance of the PPP bonded
to a mortar block. The first specimen consisted of a PPP
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Figure 5. Flexural test setup and results: (a) specimens; (b) test setup; (c) failure mode; and (d) load–deflection curves
comparison

reinforced with SMA bars bonded to a mortar block, and the
second was a plate without SMA. These two specimens are
shown in Fig. 5a. The specimens were inverted in the flexural
test setup. Subsequently, the mortar block was placed on
top, and the PPP was placed on the lower side, as shown
in Fig. 5b. The specified setup was employed to replicate
real-world conditions, where the PPP would be positioned
on the tension side of a structural member. The test was
conducted using a 110 kN universal testing machine (UTM)
in displacement control mode. The load was applied at a
displacement rate of 1 mm/min. The four-point bending test
was preferred as it eliminates the shear stresses in the bending
region, enabling accurate assessment of the flexural behavior
of the specimens. The supports were placed 356 mm apart,
while the distance between the loading plates was taken as
one-third of the effective span, which was 119 mm. This
arrangement ensured that the mid-section of the specimen
experienced pure bending under the applied load.

The failure modes of the two specimens were distinct
and provided insight into the role of SMA reinforcement
in improving the flexural capacity of the PPP. The failure

progression for both specimens is illustrated in Fig. 5c. The
specimen with SMA bars embedded in the PPP exhibited
a ductile failure mode. The initial crack formed at the bot-
tom of the PPP, where the tensile stresses were the highest.
Then, the crack extended vertically with the increase in
load. Once the crack was initiated, the SMA bars took
over the load-carrying responsibility. The load was progres-
sively transferred from the cracked concrete to the SMA
bars, which provided additional capacity and delayed fail-
ure. With further loading, localized spalling of the concrete
cover around the bent SMA bars was observed, but the
specimen continued to sustain load without sudden failure.
This behavior demonstrated the capacity of the SMA bars
to carry tensile forces after cracking, contributing to the
ductility of the system. The specimen exhibited visible warn-
ing signs of failure, such as spalling, the metallic sound of
SMA, and large deflections, revealing its ductile behavior.
On the other hand, the specimen without SMA bars failed
in a brittle manner. The specimen exhibited an abrupt failure
with a sudden drop in load-carrying capacity upon cracking.
The initial crack also formed at the bottom of the PPP, but in
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the absence of SMA reinforcement, there was no mechanism
to continue carrying the load after the crack formed. Con-
sequently, the specimen failed quickly after the first crack
appeared, showing minimal deformation or warning before
failure.

The load–deflection curves of both specimens are shown
in Fig. 5d. The specimen with SMA bars had its first crack
at 13.8 kN. After cracking, load redistribution allowed it
to recover and resist up to 15.8 kN. The specimen dis-
played gradual, ductile failure with a stiffness of 18 kN/mm,
providing critical warning signs before failure. In contrast,
the specimen without SMA bars cracked at 9.2 kN, 50%
lower than the specimen with SMA bars. It failed abruptly
with limited deformation, showing a maximum stiffness of
10 kN/mm and no post-cracking load capacity.

Furthermore, to validate the developed FE model, numer-
ical load–deflection curves were obtained using ABAQUS18

and are also shown in Fig. 5d. Overall, the model demon-
strated good agreement with the experimental results. For
the SMA-PPP specimen, the peak load was predicted at
15.7 kN, which is within 0.6% of the experimentally observed
peak of 15.8 kN. For the control specimen without SMA,
the model predicted first cracking at 10.1 kN, compared to
9.2 kN in the experiment, representing a 9.8% deviation,
which is acceptable given material and boundary variabil-
ity. It is worth noting that the experimental curves showed
softening at the early loading stage, which is likely due to
machine compliance and system deformation in the UTM.
To eliminate the effects of this initial softening, stiffness
values were calculated beyond the softening region in the
experimental curves. For the SMA-PPP specimen, the ini-
tial stiffness was found to be 33.04 kN/mm experimentally
and 33.28 kN/mm from the numerical model, reflecting a
very small difference of 0.7%. For the control specimen
without SMA, the experimental stiffness was 15.28 kN/mm,
while the model predicted 14.68 kN/mm, resulting in a 3.9%
difference. These results confirm that the developed model
accurately captures the initial stiffness and peak load of both
specimens. However, some deviations in the post-cracking

region were observed, particularly for the SMA-PPP spec-
imen, where the numerical response was more idealized
compared to the gradual softening after cracking seen in
the experiment. These differences are attributed to local
imperfections, variability in bonding and cracking behavior,
and idealizations in the numerical model, such as perfect
bonding assumptions and homogenized material properties.

In summary, the inclusion of SMA bars in the PPP
design significantly enhanced the flexural capacity of the
system, providing both increased strength and ductility. The
concept of voided SMA-PPPs as a repair measure for trans-
versely cracked PPC deck girders was numerically assessed
and the results and observations are presented in the next
section. The damaged PPC deck girder exhibited reduced
capacity, ductility, higher built-up stresses, and an early
onset of nonlinear behavior compared to the uncracked
girder.3 The damaged girder that was experimentally tested
in Gunasekaran et al.3 was repaired with voided SMA-PPPs
and the improvement in capacity, ductility, and load rating
of the girder were numerically assessed and presented in the
next section. The impact of the variations in the PPP length,
transverse crack width, and the SMA–concrete area ratio
were also considered.

Numerical Analysis of Repaired Girders

Fig. 6a shows the cross-section of the 838 mm × 914 mm
PPC deck girder considered in this study. The girder was
extracted from the approach span of a three-span simply sup-
ported bridge in Schuyler County, Illinois. It was constructed
in 1984 according to AASHTO LFD specifications and was
in service for 38 years. It was found to have a transverse crack
(Fig. 6b) at the bottom of the girder, located near the mid-
span, adjacent to the middle diaphragm of the girder.

The girder was 14.1 m long, with a 10° skew. As shown
in Figure 6a, the girder had seven 12.5 mm G270 low-
relaxation prestressing strands with an ultimate strength of
1862 MPa. The strands were located 44.5 mm from the bot-
tom of the girder and had an eccentricity of 372.1 mm. The

Figure 6. Details of PPC deck girder: (a) schematic cross-section and (b) location of the transverse crack on girder
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Figure 7. Schematic sketch of damaged girder repaired with SMA-PPP

Figure 8. A rendered view illustrates the partial plan view of (a) the internal reinforcements; (b) the concrete girder;
and (c) the cross-sectional view of the girder in ABAQUS

girder was specified to have a concrete strength of 34.5 MPa
at 28 days. The girder had 838-mm-wide diaphragms at the
ends and a 467-mm-wide diaphragm at its midspan.

The girder was extracted and tested at the Newmark
Structural Engineering Laboratory at the UIUC. Upon
visual inspection of the damaged girder, eight cracks were
identified and marked on the girder. The transverse crack
near the middle was caused by the flexural response of the
girder, while the other cracks were due to the shear-torsional
response. The details of the experimental and numerical
study of the damaged girder were published in Gunasekaran
et al.3

In this study, a numerical simulation of the cracked and
then repaired 838 mm × 914 mm PPC deck girder spec-
imen was conducted using ABAQUS. The simulation was
conducted to assess the effectiveness of using the SMA-PPP
repair technique to improve the capacity and load rating of
cracked girders. In the FE analysis, the girder was initially
loaded to induce transverse cracks of varying crack widths
and then unloaded. It was then repaired with the SMA-
PPP (Fig. 7) and loaded under the design live load as per
AASHTO LRFD (HS-20 wheel loads). The behavior under
the live load was studied to understand the effect of using
SMA-PPP. The study investigated the improvement in the

load rating of the repaired girder due to variations in three
parameters: the width of the transverse crack, the length of
the PPP, and the amount of SMA in the cross-section.

FE model description

The PPC deck girder was modeled as a simply supported
girder with pinned and roller supports on either end.
The supports were placed at a center-to-center distance of
13.34 m and a skew of 10° to emulate the support conditions
of the bridge when it was in service. Three loading plates
were placed 4.27 m apart to simulate a single-wheel line of
the HS-20 truckload. The concrete girder and the internal
reinforcement, including the prestressing strands, longitudi-
nal rebars, and stirrups, were modeled using the material
properties and dimensions in the bridge plan. Figs. 8a, 8b
shows the rendered plan view of the internal reinforcements
and the concrete girder, and Fig. 8c shows the cross-section
of the girder.

In ABAQUS, the concrete damage plasticity model was
used to model the concrete material properties, while a
plasticity model was used to model the prestressing strand
and rebar material properties.18 The stress–strain behav-
ior of the prestressing strands and the concrete elements
was modeled using the Menegotto–Pinto19 and Hognestad20
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Figure 9. (a) Elevation view of the HS-20 wheel loads on the prestressed girder; (b) damage contour illustrating the
transverse crack in the elevation view of the girder; (c) sketch of the plan view of a 1.52-m-long SMA-PPP; and (d)

damaged girder repaired with SMA-PPP (units in mm)

models, respectively. A bilinear elastoplastic model was used
to model the stress–strain behavior of the internal rebars.

The longitudinal and transverse rebars were embedded
in concrete, assuming a perfect bond. Nonlinear spring ele-
ments were used to model the bond-slip behavior between
the prestressing strands and the concrete elements. An aver-
age bond stress of 7.1 MPa was used for the 12.7 mm G270
prestressing in the analysis. The average bond stress was
obtained by multiplying a factor of 4.0 (∼1.9 × 2.1) by
the average pullout bond stress from the literature.21–25 The
modification factor of 4 accounts for the difference between
the maximum and average (2.1) pullout bond strength25

and the difference between tensioned and untensioned (1.9)
pullout tests.26 The bond-slip model used in this study is
described in detail in.27

Loading setup

Fig. 9a shows the setup of the HS-20 wheel load that was
applied to the prestressed girder to introduce a transverse
crack near the mid-span of the girder. As shown in Fig. 9b,
the transverse crack induced in the girder was tracked using
the tension damage (DamageT) contours in the ABAQUS
model. In the numerical study, three cracks with increasing
levels of damage were considered: a hairline crack with a

width of 0.13 mm, a moderate crack that could be easily
observed by visual inspection with a width of 0.25 mm, and
a severe crack with a width of 0.36 mm. These crack widths
were chosen to observe the effectiveness of the repair method
for the range of crack widths that could be observed in the
field.

Once cracked, the HS-20 wheel loads were removed. An
SMA-PPP (Fig. 9c) was attached to the girder (Fig. 9d)
using a cohesive interface to simulate the epoxy layer. The
SMA was then activated to prestress the PPP. The compo-
nent stresses were then noted, and the repaired girder was
loaded with an HS-20 wheel load to observe the improve-
ment in the load-carrying capacity of the girders.

Modeling SMA-PPP: components and interface

The PPPs used to retrofit the damaged girders were rectan-
gular plates made of 34.5 MPa concrete with two rectangular
voids, similar to the PPP in Fig. 2a. The 6.3-mm SMA bars
were used to prestress the plate. In the numerical analy-
sis, three variations in the PPP length and SMA–concrete
area ratios were considered. The lengths of the SMA-PPP
considered in the analysis were 1.52, 3.05, and 4.57 m, and
each SMA-PPP was modeled with six, twelve, and twenty-
four SMA bars, resulting in SMA–concrete area ratios of

214250028-9 BER Open: Int. J. Bridge Eng., Manage. Res.

BER Open: Int. J. Bridge Eng., Manage. Res., 2025, 2(3): 214250028



Figure 10. (a) Stress contour of the PPC deck girder repaired using a 4.57 m 23.4% SMA-PPP and (b) variation in
stress distribution along the girder depth due to different SMA area ratios

3.9%, 11.7%, and 23.4%, respectively. A total of nine SMA-
PPP configurations were analyzed for each of the three
transverse crack widths (0.13, 0.25, and 0.36 mm). Fig. 9c
shows the schematic plan view of a 1.52-m SMA-PPP with
twelve 6.3-mm SMA bars (six bars in each of the two voids).
As described in Section 3.3, the PPP and SMA bars were
modeled as 3D solid C3D8 and B31 elements, respectively.

Results of the FE analysis

Fig. 10a presents the stress contour of the cracked PPC deck
girder repaired using a 4.57-m-long SMA-PPP with a 23.4%
SMA area ratio. The stress contour plot shows the additional
compressive stress introduced in the girder due to the voided
SMA-PPP. The 23.4% SMA-PPP introduced an additional
1.15 MPa of stress in the bottom of the girder. This is 44.9%
of the stress in the PPC deck girder under the combined effect
of self-weight and prestress.

Fig. 10b shows the stress distribution along the depth of
the damaged and repaired girders. The section across the
rectangular void in the girder was chosen to illustrate the
effect of the SMA-PPP on the girder stresses. The stress
induced due to the external prestress from the SMA-PPP
showed a linear increase with increasing SMA–concrete area
ratios. The stress at the top of the girder was reduced, and
the compressive stress at the bottom increased with the
application of external prestress from the SMA-PPP. The
reduction in stress in the middle of the bottom flange is due
to the presence of the crack.

Fig. 11a shows the load–displacement behavior of the
damaged girder and the girder repaired using a 4.57–m-
long 23.4% SMA-PPP. The elastic limit of the damaged and
repaired girders was identified as the residual capacity to
ensure elastic behavior under service loads.3 The repaired
girder showed a delayed onset of nonlinear behavior due to

the additional capacity provided by the prestressing effect
from the SMA-PPP. The elastic capacity and elastic displace-
ment of the repaired girder exhibited notable improvements
of 36.1% and 34.8%, respectively, compared to the damaged
girder. The cohesive layer between the PPP and the girder
showed no damage, even after the repaired girder exceeded
its elastic capacity and exhibited nonlinear behavior. The two
dashed lines represent the load demand due to the HS-20
wheel loads, with and without the distribution factor (DF)
and with the impact factor (IM) for dynamic allowance. It is
notable that the performance of the repaired girder remained
elastic for the applied HS-20 wheel load, both with (HS20 ×
IM × DF) and without (HS20 × IM) the DF.

Figs. 11b–11d show the improvement in the elastic capac-
ities of the girders repaired using a 1.52-, 3.05-, and
4.57-m-long SMA-PPP under the HS-20 wheel load. There
was a linear increase in the elastic capacity as the area
ratio of SMA increased from 5.8% to 23.4%. In Fig. 11b,
there was a 16 kN (7.5%) and 62.5 kN (29.1%) improve-
ment in elastic capacity for the girders repaired with 5.8%
and 23.4% SMA-PPP, respectively. The increase in elastic
capacity was attributed to the increased prestressing force in
the higher SMA–concrete area ratios. The linear increase in
elastic capacity was observed for all PPP lengths and crack
widths. The increase in the SMA area ratio led to a linear
reduction in the strand stresses (up to 0.65% reduction for
the 23.4% SMA–concrete area ratio). The strand live load
stresses under the HS-20 wheel load were also found to
decrease linearly with increasing amounts of SMA, as the
SMA carried part of the HS-20 wheel loads.

As the length of the PPP also increased, the area influ-
enced by the prestressing effect of the SMA-PPP increased.
In Fig. 11c, the elastic capacity of the girder repaired using
a 23.4% area ratio SMA-PPP increased by 44.8 kN (21.2%),
60.9 kN (28.8%), and 64.1 kN (30.3%) for the 1.52-, 3.05-,
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Figure 11. (a) Load–displacement curves of the damaged girder and the girder repaired with a 4.57-m-long 23.4%
SMA-PPP, and the elastic capacities of damaged and repaired girders with crack widths of (b) 0.13 mm, (c) 0.25 mm,

and (d) 0.36 mm

and 4.57-m-long SMA-PPPs, respectively. The capacity of
the repaired girder increased with increasing PPP length up
to 3.05 m, after which the rate of increase decreased as the
influence of the PPP length on the capacity was reduced.
This shows that there is an optimal length for the PPP,
beyond which the impact of PPP length on the capacity and
global behavior of the repaired girder reduces. For the 13.9-
m-long PPC deck girder analyzed in this study, the optimal
PPP length was found to be 3.05 m. The initial elastic mod-
ulus of the repaired girder increases linearly with increasing
PPP length. This behavior was attributed to the increasing
influence of the local prestressing effect of the SMA-PPP on
the global behavior with increasing PPP length.

As the transverse crack width increases, the elastic capac-
ity of the damaged girder reduces. In Fig. 11, the damaged
girder with crack widths of 0.13, 0.25, and 0.36 mm exhibited
elastic capacities of 214.6, 211.4, and 195.4 kN, respectively.
Upon repairing the damaged girders with a 4.57-m-long
23.4% area ratio SMA-PPP, the elastic capacities improved
to 277.04 kN (29.1%), 275.43 kN (30.3%), and 265.9 kN
(36.1%), respectively. This shows that repairing damaged
girders with SMA-PPPs—from those with hairline (0.13
mm) to larger (0.36 mm) cracks—is highly effective, and the
elastic capacity could be improved by up to 36.1%.

In Fig. 11d, the improvement in the elastic capacity of
the girder repaired by the 1.52-m-long PPP was only 1.9%

for all the SMA–concrete area ratios. In this case, the dam-
aged girder had two transverse cracks, with the larger crack
measuring 0.36 mm, compared to the single transverse crack
widths of 0.13 and 0.25 mm in the girders considered in
Figs. 11b, 11c. The 1.52-m-long PPP was unable to effec-
tively cover both the cracks in the damaged girder due to
its shorter length. Thus, the stresses in the repaired crack
were redistributed to the crack outside the repair zone, which
resulted in the reduced improvement in the elastic capacity
of the repaired girders.

Load rating analysis of the repaired girders

In the US, AASHTO MBE provides the standard guidelines
and procedures to load rate in-service bridges. It verifies the
safety and serviceability of a bridge under the design loads
for its current material and structural condition. The load
rating of a girder gives the maximum indefinitely allowable
live load (given by the inventory rating) and the maximum
allowable live load (given by the operating rating) for a
bridge.28 This allows the owner to decide the maximum
vehicular load for daily traffic and the occasional overweight
vehicular load.

Gunasekaran and Andrawes27 conducted a parametric
study, which observed that the capacity and the strand
stresses govern the load rating of a girder damaged by
transverse cracks. Therefore, this study closely examined the
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Figure 12. Inventory rating of damaged and repaired girders: (a) hairline cracks (0.13 mm); (b) moderate cracks
(0.25 mm); and (c) severe cracks (0.36 mm)

effect of an SMA-PPP on the elastic capacity and the strand
stresses of the damaged and repaired girders. The elastic
(residual) capacity was used to calculate the capacity-based
ratings, while the built-up strand stresses under gravity were
used to calculate the rating of the prestressing strands in
tension. The load rating of the damaged girder was used as
a baseline measure to understand the effect of repairing a
girder with SMA-PPP.

The inventory and operating rating equations for the
flexural capacity of a girder are given by

RFInv_Strength = C − 1.3D
2.17L (1 + I)

(1)

RFOp_Strength = C − 1.3D
1.3L (1 + I)

(2)

where C is the nominal moment capacity, D and L are the
unfactored dead and live load moments, and I is the IM.

For the 838 mm × 914 mm PPC deck girder considered
in the study, the capacity-based load rating governed the
inventory and operating ratings of the damaged and repaired
girders. Fig. 12 presents the percentage improvement in the
inventory and operating ratings28 of the repaired girders. For
the damaged girders with transverse crack widths of 0.13,
0.25, and 0.36 mm, the inventory ratings are 0.84, 0.82, and
0.75, while the operating ratings are 1.40, 1.38, and 1.26,
respectively. In Fig. 12a, the inventory rating of the repaired

girder increased by 8.4%–32.6% for the 4.57-m-long SMA-
PPP. A linear increase in inventory rating with an increase
in the SMA area ratio was observed in all cases. The girders
repaired with SMA-PPP exhibited a maximum improvement
of 40.9% (Fig. 12c) in the capacity-based inventory and
operating ratings.

As shown in Fig. 12b, the inventory rating of the repaired
girder increased with increasing length of the SMA-PPP. The
inventory rating of the repaired girder increased by 23.8%,
32.3%, and 34.0% when repaired with 1.52-, 3.05-, and 4.57-
m-long SMA-PPP with an SMA area ratio of 23.4%. The
inventory and operating ratings increased with the increasing
length of the PPP up to a length of 3.05 m, after which the
rate of improvement decreased. This shows that the optimal
length of PPP is 3.05 m for the 13.9 m PPC deck girder.

As shown in Fig. 12c, SMA-PPPs were highly effec-
tive in repairing damaged girders with a large crack width
of 0.36 mm. The inventory rating of the repaired girder
increased from 1.9% to 40.9% for the range of PPP lengths
and SMA area ratios. The inventory rating of the girder
repaired with a 1.52-m-long PPP exhibited minimal improve-
ment as the length of the PPP was not enough to cover all
the cracks in the damaged girder.

The girders repaired with a 23.4% area ratio SMA-PPP
of all lengths had an inventory rating factor of one or above.
This shows that these repaired girders can safely carry an

214250028-12 BER Open: Int. J. Bridge Eng., Manage. Res.

BER Open: Int. J. Bridge Eng., Manage. Res., 2025, 2(3): 214250028



HS-20 truck. Thus, it was shown that repairing using SMA-
PPPs could significantly improve the capacity-based rating
values. Girders damaged by transverse cracks could still be
used with a suitable repair measure.

Conclusions

This study investigated the feasibility and ease of using larger
(6.3 mm diameter) NiTiNb bars as the prestressing compo-
nent of an external prestressing system (SMA-PPPs) through
experimental and numerical analysis. The 6.3-mm NiTiNb
bars were successfully used as part of a voided SMA-PPP
to prestress a mortar block. The improvement in the flex-
ural capacity of the block was experimentally tested using
a four-point bending test. The feasibility of using voided
SMA-PPPs to repair a large-scale, transversely cracked PPC
deck girder was numerically assessed using ABAQUS. The
damaged girder was retrofitted with SMA-PPPs to externally
prestress the section and reduce the built-up stresses. The
impact of the PPP length, SMA-concrete area ratio, and
the width of the transverse crack on the repaired girder’s
capacity was studied. Furthermore, the load ratings of the
damaged and repaired girders were calculated and com-
pared to understand the effectiveness of the adopted repair
method. The following are the major conclusions of this
study:

• The voided SMA-PPPs, with the 6.3-mm NiTiNb
bars, induced a prestress of 2.0 MPa in the mortar
block and 3.12 MPa in the PPP after the NiTiNb
bars were activated. The numerical model was able
to replicate the experimental behavior, with a 7% and
13% difference in the induced stresses in the PPP and
mortar block, respectively.

• The mortar block prestressed using the voided SMA-
PPP was experimentally tested under a four-point
bending load, and the cracking and maximum capac-
ities of the block were found to be 13.8 and 15.8 kN,
respectively. Meanwhile, the control block without
SMA cracked and failed at 9.2 kN, which is 50%
less than the prestressed mortar block. Further-
more, the developed numerical model was validated
against experimental flexural test results. The load–
deflection response, peak capacity, and stiffness
showed good agreement, confirming the model’s
capability to capture the structural behavior of the
SMA-PPP system. The flexural test demonstrated
the ability of voided SMA-PPPs to prestress and
improve the load-bearing capacity, stiffness, and duc-
tility of a concrete member.

• The numerical analysis of the girders repaired with
voided SMA-PPPs exhibited up to a 36.1% improve-
ment in elastic capacity, which resulted in a 40.9%
improvement in the inventory rating of the repaired
girders.

• The load rating of the girders repaired with 23.4%
SMA-PPPs is above one, which implies that these
girders can be used to safely carry the live loads
induced by an HS-20 design truck indefinitely.

• The numerical analysis predicts an optimal PPP
length (3.05 m for the 13.9-m-long girder), beyond
which the rate of improvement in elastic capac-
ity decreases. The results of the numerical analysis
demonstrated that girders with hairline (0.13 mm) to
large (0.36 mm) cracks could be effectively repaired
to achieve a load rating above one.
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