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Abstract 

This study aimed to address the critical issue of age deterioration in prestressed concrete (PSC) structures by inves‑
tigating the strengthening of aged PSC structures using a near-surface mounted (NSM) post-tensioned carbon 
fiber-reinforced polymer (CFRP). A total of nine PSC beams, each with a length of 6.5 m, were fabricated for a four-
point bending test. Various experimental parameters were taken into account, including the strengthening method, 
compressive strength of concrete in the PSC beam, and the prestressing force of the PSC beam. The results indicated 
that the NSM post-tensioned CFRP strengthening system proved more efficient when compared to the NSM non-
post-tensioned CFRP strengthening system. The flexural capacity of the NSM post-tensioned CFRP strengthening sys‑
tem, under the deteriorated low-strength PSC beam, increased by up to 30.9% compared to the PSC reference beam. 
Additionally, the experimental results were compared to a finite-element analysis, and a parametric study was con‑
ducted to examine the material properties of the PSC beam. Consequently, the NSM post-tensioned CFRP strengthen‑
ing system is expected to be an effective solution for addressing the issue of deteriorated low-strength PSC structures.
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1  Introduction
Over 50% of the concrete bridges constructed in North 
America since 1997 have been constructed using pre-
stressed concrete (PSC) (Collins & Mitchell, 1997). 
According to the ASCE 2021 report for America infra-
structure (Hermann, 2013), 42% of all concrete bridges 
in USA are over 50 years old, 7.5% of which are structur-
ally deficient. Therefore, it has become necessary to limit 
deterioration in PSC structures. The flexural capacity 
of PSC structures decreases owing to long-term expo-
sure to the external environment. In other words, the 
long-term use of deicing salts or construction in coastal 
zones increases the failure probability of concrete struc-
tures by up to 50 times owing to the influence of chlo-
ride ions (Stewart & Rosowsky, 1998). In Xaing and Zhao 
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(2007), the compressive strength decreased depending 
on chloride ion penetration. Yildirim and Sümer (2013) 
demonstrated that the compressive strength cured in 
chloride solution for 90  days was 40% lower than that 
cured in normal water. Wongkeo et al. (2014) conducted 
a study using chloride ions and stated that the compres-
sive strength decreased by 48% compared to the ref-
erence specimen after curing for 90  days. Zhao et  al. 
(2020) placed a concrete specimen in chloride solution 
and cured it for 12 months. As experimental results, the 
compressive strength of the concrete decreased by 20% 
compared to the maximum compressive strength of the 
reference specimen. Caro et  al. (2013) found that when 
the anchorage of the PSC structure is realized and main-
tained for a year, the prestress loss could be up to 60% 
of the maximum total prestress. Asamoto et  al. (2014) 
reported that the prestress loss can be reduced to 30% 
of the maximum value by burying a steel strand in the 
concrete, introducing prestress, and maintaining the 
system for 127 days. Páez and Sensale (2018) was found 
to show 22% prestress loss after 6.5 years at PSC beam. 
Pisani (2018) predicted behavior of a prestressed box 
girder with a length of 4 m. As a result, the prestress loss 
can occur more than 20% after about 137 years. You and 
Kaewunruen (2019) observed a 24% prestress loss after 
introducing prestress into a 2.6 m-long concrete sleeper 
and maintaining the prestress for 2 years. Ye et al. (2020) 
analyzed the behavior of an 11.9 m-long PSC girder for 
897 days and observed a prestress loss of up to 16%. The 
compressive strength of structures constructed using 
PSC decreases owing to long exposure to the external 
environment after construction, resulting in prestress 
loss and a decrease in flexural capacity. Therefore, dete-
riorated PSC structures require improved flexural capac-
ity to reduce the prestress loss and aging of concrete. 
Vollmer et  al. (2021) conducted a steel material experi-
ment and found that the prestress loss can be occurred 
by at least 25% when a general steel strand is used over 
2 years.

Recently, the external prestressing system was investi-
gated as a reinforcement method, wherein a prestressed 
steel bar was installed on the exterior wall of the PSC 
structure (Allawi, 2017; Kim et  al., 2021; Kwon et  al., 
2018). However, considering the steel bar is exposed to 
the outside environment, it could lead to accelerated cor-
rosion. The near-surface mounted (NSM) strengthening 
system was suggested as an alternative to the external 
prestressing system considering it can protect the rein-
forcement under poor conditions by embedding rein-
forcement on the concrete surface. Recently, research was 
conducted to increase the flexural capacity of the NSM 
strengthening system and its resistance to the external 
environment by replacing steel bars with fiber-reinforced 

polymer (FRP) materials. Among the different FRP mate-
rials, carbon FRP (CFRP) possesses a high corrosion 
and fatigue resistance and high strength. The standards 
for the NSM FRP strengthening system have been pro-
posed by the USA, Canada, and Japan (American Con-
crete Institute, 2015; Canadian Standards Association, 
2021; Japan Society of Civil Engineers, 2007). The NSM 
FRP strengthening systems have improved in terms of 
flexural, shearing, and bonding behavior over the past 
decade (Seo et  al., 2016; Hong et  al., 2018; Jafari et  al., 
2018; Noroozieh & Mansouri, 2019; Barham et al., 2021; 
Salman & Mansor, 2021; Panahi et al., 2021; Mansour & 
El-Maaddawy, 2021; Haddad & Yaghmour, 2020; Yu et al., 
2020; Ahmed et al., 2023).

Compared to a general external prestressing system, 
NSM FRP strengthening system that uses non-post-
tensioned FRP bars has a smaller strengthening effect 
owing to the absence of prestressing. Therefore, the NSM 
post-tensioned FRP strengthening system was devel-
oped by introducing prestressing to FRP. These studies 
investigated the ideal length and properties of FRP and 
analyzed reinforced concrete (RC) beams with a length 
of 3.3–4.0  m (Badawi & Soudki, 2009; Esmaeeli & He, 
2021; Nordin & Täljsten, 2006). Results showed that 
the flexural capacity increased by 15–97% after a pre-
stressed FRP bar was introduced. Peng et al. (2014) clas-
sified 3.5 m-long RC beams into NSM FRP strengthening 
system, externally bonded FRP strengthening system, 
and NSM post-tensioned FRP strengthening system, 
and evaluated them. In the NSM post-tensioned FRP 
strengthening system, the ultimate load increased by up 
to 44% compared to the NSM non-post-tensioned FRP 
strengthening system and external bonded FRP strength-
ening system. Correia et al. (2015) analyzed the flexural 
behavior of a 2.6 m-long RC slab according to the NSM 
post-tensioned FRP strip strengthening system. The ulti-
mate strength of the strengthened slab with the NSM 
post-tensioned FRP strengthening system improved by 
up to 1.7 times compared to the RC reference slab. Hong 
and Park (2016) analyzed the flexural capacity of the 
NSM post-tensioned FRP strengthening system under 
RC beam. Compared to the RC reference beam, the ulti-
mate load of the strengthened RC beam increased by 
96%. In Kara et  al. (2016), when the prestressing force 
increased to 60% of the ultimate load of the CFRP bar, the 
ultimate moment increased. Wu et al. (2014) analyzed a 
2  m-long RC beam whose behavior changed according 
to the number of FRPs and type of FRP end. When the 
optimum NSM post-tensioned FRP strengthening system 
was fabricated, the ultimate load increased by up to 71% 
compared to the RC reference beam. Lee et  al. (2017a) 
applied the NSM post-tensioned FRP strengthening 
system to RC beam with a 6.4 m long and analyzed the 
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NSM post-tensioned CFRP strengthening system using 
the prestressing method of the CFRP bar. Results showed 
that the post-tension method was superior to the pre-
tension method. Compared with a fully bonded system, 
Choi et al. (2011) reported a 14% decrease in the ultimate 
load in their partially unbonded system as the unbound 
length section increased in the NSM post-tensioned FRP 
strengthening system. Lee et al. (2019) fabricated an RC 
beam and analyzed the flexural behavior of the NSM 
post-tensioned FRP strengthening system based on the 
bonded/unbonded criterion, compressive strength, and 
the degree of damage. El-Hacha and Gaafar (2011) ana-
lyzed the failure behavior of RC beam according to the 
prestressing force and prestress losses. The strengthened 
RC beam with the NSM post-tensioned FRP strength-
ening system was found to be most effective when the 
prestressing force was 40% of the ultimate strength of 
the CFRP bar. Lee et  al. (2018) applied the NSM post-
tensioned FRP strengthening system to an old RC bridge 
and analyzed flexural behavior. Results showed that the 
displacement decreased by 31% compared to the refer-
ence bridge, indicating improved on-site applicability. 
Sokairge et  al. (2022) applied the NSM post-tensioned 
FRP strengthening system to the RC beam with a length 
of 3.3 m, and the ultimate load increased 1.4 times com-
pared to the RC reference beam. Cho et  al. (2022) ana-
lyzed the strengthening of the NSM post-tensioned 
CFRP strengthening system based on the degree of dete-
rioration in the RC beams. The parameters of the test 
were the compressive strength of concrete, steel rein-
forcement ratio, and the number of CFRP bars. The ulti-
mate load of the strengthened RC beam with the NSM 
post-tensioned CFRP strengthening system improved by 
up to 106.5% compared to the reference beam. The NSM 
post-tensioned CFRP strengthening system had an excel-
lent strengthening effect on the deteriorated RC beams. 
Lee et al. (2017b) used a 21.8 m-long full-scale PSC girder 
and analyzed the strengthening effect based on the intro-
duction of the NSM post-tensioned CFRP strengthening 
system. Results showed that as the number of CFRP bars 
and pressing load increased, the ultimate load increased 
by up to 13% compared to the PSC reference girder.

Most studies conducted on NSM post-tensioned FRP 
strengthening systems (Badawi & Soudki, 2009; Cor-
reia et  al., 2015; Esmaeeli & He, 2021; Hong & Park, 
2016; kara et al., 2016; Lee et al., 2017a, 2017b; Nordin & 
Täljsten, 2006; Peng et al., 2014; Wu et al., 2014(a); Choi 
et al., 2011; Lee et al., 2019; El-hacha & Gaafar, 2011; Lee 
et  al., 2018; Sokairgeet al., 2022) analyzed the effects of 
introducing the NSM post-tensioned FRP strengthening 
system to an RC structure based on the flexural capac-
ity. Cho et al. (2022) analyzed the flexural behavior of the 
strengthened RC structure with the NSM post-tensioned 

CFRP strengthening system according to the degree of 
deterioration; however, they did not analyze the NSM 
post-tensioned CFRP strengthening system under PSC 
structure. Furthermore, Lee et  al. (2017b) only focused 
on the flexural capacity of the full-scale PSC girder 
based on the introduction of the NSM post-tensioned 
CFRP strengthening system. The flexural capacity of 
PSC structures can deteriorate significantly owing to the 
aging concrete and corresponding prestress loss. Cur-
rently, approximately 50% of PSC structures are aging 
and require additional reinforcement. Furthermore, no 
studies have attempted reinforcing deteriorated PSC 
structures by applying a NSM post-tensioned CFRP 
strengthening system. Since the NSM post-tensioned 
CFRP strengthening system is effective in strengthening 
general deteriorated concrete structures, it is necessary 
to analyze whether this system has an excellent strength-
ening effect on deteriorated PSC structures. Therefore, 
this study analyzes the strengthening effect of the NSM 
post-tensioned CFRP strengthening system based on the 
degree of deterioration in a PSC structure by considering 
their flexural capacity and the different material proper-
ties of PSC beams. The PSC structure was implemented 
using a PSC beam. Strengthening methods were clas-
sified depending on the use of non-post-tensioned or 
post-tensioned CFRP bars, and the strengthening effect 
of each method was analyzed. Owing to the difficul-
ties in implementing the deterioration of concrete and 
steel strands in the experiment, the deterioration was 
replaced using the compressive strength of concrete and 
prestressing force. Additionally, to investigate the dete-
rioration, the compressive strength was set to 20  MPa 
(deteriorated concrete) and 40  MPa (normal concrete) 
(Herrmann, 2021; Xaing and Zhao, 2007; Yildirim & 
Sümer, 2013; Wongkeo et al., 2014; Zhao et al., 2020). For 
the steel strand, an appropriate prestressing force (280 
kN) was applied by referring to the standard (Ameri-
can Concrete Institute, 2019). In previous studies (Caro 
et  al., 2013; Asamoto et  al., 2014; Páez and Sensalem, 
2018; Pisani, 2018; You & Kaewunruen, 2019; Ye et  al., 
2020; Vollmer et  al., 2021), a prestress loss between 15 
and 60% was observed; therefore, in this study, the pre-
stressing force of the steel strand was classified using the 
appropriate prestressing force (280 kN) and half its value 
(140 kN) to evaluate the prestress loss. Furthermore, this 
study aims to analyze the difference ratio of the design 
compared to test by comparing the design strength and 
the experimental results of a PSC beam strengthened by 
the NSM post-tensioned CFRP strengthening system. 
Finite-element analysis (FEA) was conducted to forecast 
the flexural behavior of the NSM post-tensioned CFRP 
strengthening system under PSC beam according to the 
different compressive strengths of concrete and the steel 
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reinforcements. Finally, the suggested finite-element (FE) 
model is compared with the test unit in a parametric 
study.

2 � Design of NSM Post‑Tensioned CFRP 
Strengthening System

The NSM post-tensioned CFRP strengthening system 
uses the same mechanism as the prestressing system 
of general PSC structures. Considering this, Cho et  al. 
(2022) referred to the design process of the prestressing 
system (American Concrete Institute, 1999) and pre-
dicted the experimental results within a slight error. In 
this study, the design process of the NSM post-tensioned 
CFRP strengthening system on the PSC and RC struc-
tures was similar. Therefore, the design process of the 
NSM post-tensioned CFRP strengthening system in Cho 
et al. (2022) was referred to.

The design process was performed in four steps. First, 
the compressive strain of the concrete and depth of the 
neutral axis is randomly assumed. Second, the strain of 
the CFRP bar is calculated based on the above assump-
tions. The calculation procedure to calculate the strain of 
the CFRP bar is presented in Cho et al. (2022). The com-
pressive strain generated by the effective prestress intro-
duced to the CFRP bar is calculated as

where ε1 and ε2 are the effective strain by the effective 
prestress of the CFRP bar ( Pfrp ) and the strain of the 
CFRP bar when the concrete stress at the neutral axis is 0, 
respectively. Efrp and Afrp are the elasticity and area of the 
CFRP bar, respectively. efrp is the distance between the 
cross-section center of the PSC structure and the center 
of the CFRP bar. Ec and Ac are the elasticity and the area 
of concrete, respectively. rc is the rotational radius. ε3 is 
the strain of the CFRP bar that occurs when loading the 
ultimate load, dfrp is the effective depth of the CFRP bar, c 
is the neutral axis of the cross-section, and εfrp is the total 
strain of the post-tensioned CFRP bar ( ε1 + ε2 + ε3).

In the PSC structure, the stress concentrated at the 
position where the prestressing force of the CFRP bar is 
introduced is distributed throughout the PSC structure 
over time. After completing the stress redistribution of 
the PSC structure, the concrete stress becomes 0 at the 
neutral axis, and the strain of the CFRP bar is as follows

Subsequently, the strain of the CFRP bar, until it 
reaches the ultimate load, is calculated as

(1)ε1 =
Pfrp

EfrpAfrp
,

(2)ε2 =
Pfrp

EcAc
(1+

e2frp

r2c
).

The total strain of the post-tensioned CFRP bar ( εfrp ) 
is obtained from the sum of ε1 , ε2, and ε3.

Third, the tensile force generated in the PSC struc-
ture was estimated using the NSM post-tensioned 
CFRP strengthening system. Finally, the equilibrium in 
the PSC structure were verified as

where A
′

s and f
′

s are the cross-sectional area and com-
pressive stress of the compressed steel reinforcement. 
fck is the compressive strength of the concrete, β1c is the 
average stress depth, and b is the width of the concrete 
structure. As are the area of the tensile steel reinforce-
ment, and fs are the stress of the tensile steel reinforce-
ment. Astrand , Estrand , and εstrand are the area, elasticity, 
and strain of the steel strand, respectively.

Fig. 1 shows an example of the process of calculating 
the equilibrium between the compressive and tensile 
forces by repeating the above-mentioned steps. Under 
the first, the tensile and compressive forces are evalu-
ated by setting random values to the compressive strain 
of the concrete and the depth of the neutral axis. Subse-
quently, the compressive strain and neutral axis depth 
were gradually adjusted to match the equilibrium. If the 
force is not balanced, the four-step process is repeated 
until equilibrium is obtained. Next, the initial bending 
moment at the initial crack and the maximum bending 
moment were calculated to predict the strength of the 
specimen. The bending moment at the initial crack in 
the PSC beam was calculated as

(3)ε3 = εcu
dfrp − c

c
.

(4)
A′
sf

′
s + 0.85fckβ1cb = Asfs + AstrandEstrandεstrand

+ AfrpEfrpεfrp, .

Fig. 1  Verification of the equilibrium of the compressive and tensile 
forces
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where Mcr,d and Md are the initial bending moment and 
the maximum bending moment, respectively. fr is the 
tensile strength of the concrete, Pstrand is the effective 
stress introduced to the steel strand, estrand is the distance 
from the cross-section center of the PSC structure to 
the center of the steel strand, Ic is the second moment of 
the concrete cross-section, and yb is the distance of the 
cross-section to the center axis. d , d′ , dstrand , and dfrp are 
the effective depths of the tensile steel reinforcement, 
compressive steel reinforcement, steel strand, and CFRP 
bar, respectively.

The equation used to calculate the initial crack load 
in the external prestressing system was employed. The 
maximum bending moment of the structure to which the 
NSM post-tensioned CFRP strengthening system was 
calculated as

The design load was calculated after excluding the 
bending moment ( Ms ) from the maximum bending 
moment ( Md ) by self-weight. The design load ( Pd ) was 
calculated using the bending moment and distance 
between the load and the boundary position ( L ), given as

The difference ratio of the design compared to experi-
ment was calculated utilizing the load ( Pt ) and design 
load deduced from the experiments, given as

The design load at the initial crack and the maximum 
design load were estimated to predict the strength of the 
PSC structure to which the NSM post-tensioned CFRP 
strengthening system was introduced. The estimated val-
ues were then compared to the results obtained from the 
experiments to determine the difference ratio.

3 � Experimental Method
A 6.5  m-long full-scale PSC beam with a height and 
width of 600  mm and 260  mm was fabricated, respec-
tively. The surface of the CFRP bar was subjected to sand 

(5)

Mcr,d = fr
Ic

yb
+Pstrand(

r2c
yb

+ estrand)+Pfrp(
r2c
yb

+ efrp),

(6)

Md =
(
Asfs − A′

sf
′
s
)(

d −
β1c
2

)
+ A′

sf
′
s (d − d′)

+ AstrandEstrandεstrand
(
dstrand −

β1c
2

)

+ AfrpEfrpεfrp(dfrp −
β1c
2

).

(7)
PdL

2
= Md −Ms.

(8)Difference ratio =
Pt − Pd

Pd
× 100.

coating to improve its adhesion with epoxy. Fig. 2 shows 
the dimensions of the PSC beam and the NSM post-ten-
sioned CFRP strengthening system.

Table  1 summarizes the experimental parameters, 
which were set according to the strengthening method, 
compressive strength of the concrete, and the prestress-
ing force of the steel strand. A PSC reference beam with 
the strengthened PSC beam was fabricated for com-
parison. When naming the parameter, the first letters in 
name of the test unit denote the strengthening method: 
“NS” represents no strengthening, indicating the PSC ref-
erence beam, “NSM” represents the NSM without post-
tensioned CFRP bar, and “PNSM” represents the NSM 
with post-tensioned CFRP bar. Both “NSM” and “PNSM” 
used one CFRP bar. The second letters denote the com-
pressive strength of the concrete: “C20” and “C40” repre-
sent 20 MPa (deteriorated concrete) and 40 MPa (normal 
concrete), respectively. The third letter represents the 
prestressing force of the steel strand: “P140” and “P280” 
represent 140 kN and 280 kN, respectively. This study 
used two steel strands with a diameter of 12.7 mm and a 
cross-sectional area of 98.71 mm2. The tensile strength of 
each steel strand is 183 kN.

The strengthened length with the CFRP bar was 
designed to be 4.92 m (76% of the total length of the PSC 
beam) (Lee et al., 2017b). The diameter of the CFRP bar 
was 10 mm, and the properties of the CFRP bar are sum-
marized in Table 2. To prestress the concrete structures 
with CFRP, the prestressing force of the CFRP bar should 
be designed to be below 65% of the ultimate strength 
(American Concrete Institute, 2015). Therefore, 42% of 
the ultimate strength (240 kN), i.e., 100 kN, was loaded 
onto the CFRP bar, and the strain was 7,850 µε.

Fig.  3 shows the manufacturing procedure of the test 
unit. The NSM post-tensioned CFRP strengthening sys-
tem strengthened PSC beam was used to assemble the 
steel reinforcement (Fig.  3a). As shown in Fig.  3b, the 
mold of the test unit was fabricated, and the assembled 
steel reinforcement was installed inside the mold. The 
concretes were distinguished and poured into the mold 
according to their compressive strengths (Fig. 3b). Fig. 3c, 
d demonstrates the process of introducing prestress 
to the steel strand and forming the groove on the bot-
tom surface of the PSC beam, respectively. For conveni-
ence purposes, the bottom surface of the PSC beam was 
positioned upward before creating the groove. After the 
groove was formed on the bottom surface, the anchorage 
device was installed at both ends of the CFRP bar and the 
bar was loaded, as shown in Fig. 3e. Fig. 3f demonstrates 
the process of injecting epoxy fillers into the groove to 
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shield the NSM post-tensioned CFRP strengthening sys-
tem. Herein, the concrete and epoxy were cured for over 
28 days and 14 days, respectively, to implement sufficient 
strength. Since NSM post-tensioned CFRP strengthen-
ing system is mainly applied to the bottom of the bridge, 
epoxy is often injected upward. However, in this study, 
epoxy was injected as shown in Fig.  3 to idealize the 
condition.

Fig. 4 shows the four-point bending test. A universal 
testing machine (UTM) with a capacity of 2,000 kN was 
used for incremental static loading. The loading point 
was located 500 mm from the central axis on both sides 
of the PSC beam. The displacement was measured 

using the linear variable displacement transducer 
(LVDT) installed at the center of the PSC beam. The 
strain gauge on the CFRP bar was installed as shown 
in Fig. 4a to evaluate the test unit behavior. The verti-
cal displacement rate was maintained at 0.03 mm/s for 
up to 30 mm, such that the initial crack could be visu-
ally identified. After the vertical displacement exceeded 
30  mm, the vertical displacement rate was 0.1  mm/s. 
The boundary conditions of the PSC beam were set to a 
simple support, as shown in Fig. 4b.

Fig. 2  Dimensions of (a) PSC beam and (b) NSM post-tensioned CFRP strengthening system (mm)
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4 � Experimental Results
Table 3 compares the design and experimental loads. The 
difference ratio of the design compared to experimental 
loads in the NSM post-tensioned CFRP strengthening 
system decreased as the compressive strength of the con-
crete increased. In 20 MPa of the compressive strength, 
difference ratios of up to 25.5% at the initial crack and 
12.8% at the ultimate load were observed. When the com-
pressive strength was 40 MPa, both difference ratios were 
below 3%. When the prestress was loaded onto the CFRP 
bar, the anchorage device for the PSC beam with low 
compressive strength was damaged at the point where 
the CFRP bar was fixed, which resulted in an increase 
in the difference ratio. Conversely, the PSC beam with 
a high compressive strength was not damaged in the 
peripheral concrete that fixes the anchorage device. This 
indicated that the experimental results were similar to 
the design strength.

Fig.  5 shows the displacement and strain results with 
and without prestressing load in the CFRP bar, and 
Table  4 summarizes the strengthening ratio between 
the strengthened PSC beam and PSC reference beam. 
In Fig. 5a, the initial concrete crack and steel yield loads 
of PNSM-C20-P140 were 44.8% and 19.1% higher than 
those of NS-C20-P140, respectively. The ultimate load of 
PNSM-C20-P140 was 278.0 kN, which was 22.1% higher 
than that of NS-C20-P140 (227.6 kN). The initial crack 
and steel yield loads of NSM-C20-P140 were 8.6% lower 

and 4.1% higher than that of NS-C20-P140, respectively. 
The ultimate load of NSM-C20-140 was 248.0 kN, which 
was 9.0% higher than that of NS-C20-P140. The strain in 
the CFRP bar under different loads is shown in Fig. 5b. 
The CFRP bar of PNSM-C20-P140 exhibited a strain 
of 7,850 µε under the prestressing force (100 kN). The 
strains of the CFRP bar of NSM-C20-P140 and PNSM-
C20-P140 were 10,695 µε and 15,073 µε , respectively, 
under the ultimate load. As a result, the flexural capacity 
of NSM-C20-P140, to which the prestressing force was 
not introduced, increased compared to the PSC refer-
ence beam (NS-C20-P140). The flexural strengthening 
effect of PNSM-C20-P140 was superior to that of NSM-
C20-P140 owing to the introduction of the prestressing 
force. Furthermore, compared to the non-post-tensioned 
CFRP bar, the post-tensioned CFRP bar exhibited a 
higher strain at the same load level. The flexural strength-
ening effect of the CFRP bar increased with a higher 
strain at the same load level; therefore, PNSM-C20-P140, 
to which a prestressing force was applied, was an efficient 
flexural strengthening method.

Fig. 6 shows the load-displacement relationship under 
the compressive strength and prestressing force of the 
steel strand. Fig. 6a represents the case with a compres-
sive strength of 20 MPa, while Fig. 6b represents the case 
with a compressive strength of 40 MPa. Table 5 summa-
rizes the strengthening ratio between the strengthened 
PSC beam and PSC reference beam. PNSM-C20-P140, 
with a compressive strength of 20 MPa and prestressing 
force of 140 kN, exhibited a 44.8% higher initial crack 
load, 19.1% higher steel yield load, and 22.1% higher ulti-
mate load compared to those of NS-C20-P140. PNSM-
C20-P280, with a compressive strength of 20  MPa and 
prestressing force of 280 kN, exhibited an 11.4% higher 
initial crack load, 22.3% higher steel yield load, and 

Table 1  Experimental parameters

Test unit Strengthening method Compressive strength of the concrete 
(MPa)

Prestressing load of
the steel strand (kN)

NS-C20-P140 No strengthening
(NS)

20 (C20) 140 (P140)

NS-C20-P280 280 (P280)

NS-C40-P140 40 (C40) 140 (P140)

NS-C40-P280 280 (P280)

NSM-C20-P140 NSM non-post-
tensioned CFRP
strengthening system
(NSM)

20 (C20) 140 (P140)

PNSM-C20-P140 NSM post-tensioned
CFRP strengthening
system (PNSM)

20 (C20) 140 (P140)

PNSM-C20-P280 280 (P280)

PNSM-C40-P140 40 (C40) 140 (P140)

PNSM-C40-P280 280 (P280)

Table 2  Properties of the CFRP bar

Ultimate 
strength (kN)

Tensile 
strength
(MPa)

Ultimate strain
(µε)

Elastic modulus
(MPa)

240 3,056 18,680 163,500
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24.4% higher ultimate load compared to those of NS-
C20-P280. PNSM-C40-P140, with a 40  MPa compres-
sive strength and 140 kN prestressing force, exhibited 

a 44.9% increase in the initial crack load compared to 
those of NS-C40-P140. The steel yield load of PNSM-
C40-P140 was 23.1% higher than that of NS-C40-P140, 

Fig. 3  Fabrication process of the test unit
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Fig. 4  Four-point bending test

Table 3  Comparison of the design load compared to experimental load

Test unit Pcr(kN) Difference ratio (%) Pu(kN) Difference 
ratio (%)

Design Experiment Design Experiment

NS-C20-P140 57.2 42.6 −25.5 227.0 248.0  + 9.3

PNSM-C20-P140 81.2 67.5 −16.9 256.0 278.0  + 8.6

PNSM-C20-P280 113.3 86.3 −23.8 257.0 290.0  + 12.8

PNSM-C40-P140 93.6 92.3 −1.4 303.0 300.0 −1.0

PNSM-C40-P280 125.7 122.6 −2.5 304.0 311.0  + 2.3
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whereas the ultimate load increased by 25.4%. When the 
prestressing force was 280 kN (PNSM-C40-P280), the 
initial crack, steel yield, and ultimate load increased by 
31.1%, 31.1%, and 30.9%, respectively, compared to NS-
C40-P280. Under the initial crack load, the difference in 
the strengthening ratio between PNSM-C20-P140 and 
PNSM-C20-P280 was higher than 30%. Considering 

PNSM-C20-P140 had a relatively low amount of rein-
forcement attributed to the prestressing force of the 
steel strand, the strengthening effect owing to the NSM 
post-tensioned CFRP strengthening system was large. 
However, because PNSM-C20-P280 exhibited a higher 
amount of reinforcement attributed to the prestressing 
force of the steel strand, the effect of the NSM post-ten-
sioned CFRP strengthening system decreased. The differ-
ence in the strengthening ratio of the initial crack loads in 
PNSM-C40-P140 and PNSM-C40-P280 using the normal 
concrete (40 MPa) was found to be below 14%. The test 
unit using the normal concrete was to endure more com-
pressive stress, making it possible to maintain a strength-
ening ratio higher than 30%, even after introducing the 
NSM post-tensioned CFRP strengthening system and 
applying a high prestressing force (280 kN). In all cases, 
as the compressive strength and the prestressing force 
increased, the strengthening ratio of the yield and ulti-
mate loads increased by up to 31.1%.

Fig.  7 shows the strain results under the compressive 
strength and the prestressing force of the steel strand. 
Fig. 7a shows the strain of the CFRP bar measured in the 
NSM post-tensioned CFRP strengthening system, which 
reached 7,850 µε , whereas the theoretical strain of the 
CFRP bar under the ultimate load was 18,680 µε . There-
fore, the CFRP bar underwent brittle destruction when a 
strain of over 10,830 µε was applied. The strains of the 
CFRP bar for PNSM-C40-P140 and PNSM-C40-P280 
were 6,196 µε and 6,940 µε , respectively. The strains of 
the CFRP bar for PNSM-C20-P140 and PNSM-C20-P280 
for a compressive strength of 20 MPa were 7,223 µε and 
6,057 µε , respectively. However, the PSC beam with the 
NSM post-tensioned CFRP strengthening system did not 
exhibit brittle destruction of the CFRP bar in all cases 
considering the steel strands shared the load. Moreo-
ver, the experiments for all test units were discontinued 
without attaining the brittle destruction of the CFRP 
bar considering the concrete rush caused the load to 
decrease. Fig. 7b shows the strain of the steel reinforce-
ment measured in the PSC beam to which the NSM post-
tensioned CFRP strengthening system was applied. The 
compressive strength and the prestressing force of the 
steel strand were found to be high in PNSM-C40-P280, 

Fig. 5  Displacement and strain results with and without prestressing 
in the CFRP bar

Table 4  Strengthening ratio with and without the prestressing load of the CFRP bar

Test unit Initial cracking Yielding Ultimate

Load (kN) Strengthening ratio 
(%)

Load (kN) Strengthening ratio 
(%)

Load (kN) Strengthening 
ratio (%)

NS-C20-P140 46.6 – 180.4 – 227.6 –

NSM-C20-P140 42.6 8.6 187.8 4.1 248.0 9.0

PNSM-C20-P140 67.5 44.8 214.8 19.1 278.0 22.1
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thereby indicating that the yielding of the steel reinforce-
ment occurred at the highest load (286.9 kN). Because 
PNSM-C40-P140 (232.0 kN) exhibited the compres-
sive strength, yield load was higher than that of PNSM-
C20-P140 (214.8 kN). However, the prestressing force of 
the steel strand was lower than that of PNSM-C20-P280 
(255.8 kN). Therefore, the PSC beam to which the NSM 
post-tensioned CFRP strengthening system was applied 
exhibited an increase in compressive strength and the 
prestressing force, which increased the yield load of the 
steel reinforcement.

5 � Finite‑Element Analysis
A three-dimensional (3D) FE model was developed 
to analyze the flexural strengthening efficiency of the 
strengthened PSC beam with the NSM post-tensioned 
CFRP strengthening system. The results of the FEA were 
compared to that of the experiments.

Various functions and finite elements of ABAQUS 
(Dassault Systèmes, France) (2021) were utilized for the 
analysis. Fig.  8 shows the components of FE model and 
the boundary conditions in detail. The concrete was mod-
eled with the general-purpose linear brick element with 
reduced integration (C3D8R). A Euler–Bernoulli beam 
element (B33) was used for modeling of steel reinforce-
ment under resisting tensile force. The shear behavior 
acts as a major variable in the anchorage device because 
of the prestressing force of the CFRP bar. Therefore, a 
Timoshenko beam element (B31) was used to model 
under shear force. ABAQUS (2021) presented a truss ele-
ment when implementing a structure to introduce the 
prestress. Therefore, this study utilized a two-node linear 
truss element (T3D2) to apply the steel strand and CFRP 
bar. Poisson’s ratio and elasticity Ec of the concrete were 
set to 0.167 and 4, 700

√
fc MPa, respectively (American 

Concrete Institute, 2019). fc is the compressive strength 
of the concrete measured in the experiment. The elas-
ticity (200,000 MPa) and Poisson’s ratio (0.3) of the steel 

Fig. 6  Displacement results under the compressive strength 
and prestressing of the steel strand

Table 5  Strengthening ratio according to the compressive strength and prestressing load of the steel strand

Test unit Initial cracking Yielding Ultimate

Load (kN) Strengthening ratio 
(%)

Load (kN) Strengthening ratio 
(%)

Load (kN) Strengthening 
ratio (%)

NS-C20-P140 46.6 – 180.4 – 227.6 –

PNSM-C20-P140 67.5 44.8 214.8 19.1 278.0 22.1

NS-C20-P280 77.5 – 209.2 – 233.2 –

PNSM-C20-P280 86.3 11.4 255.8 22.3 290.0 24.4

NS-C40-P140 63.7 – 188.5 – 239.3 –

PNSM-C40-P140 92.3 44.9 232.0 23.1 300.0 25.4

NS-C40-P280 93.5 – 218.8 – 237.6 –

PNSM-C40-P280 122.6 31.1 286.9 31.1 311.0 30.9
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reinforcement, steel strand, and anchorage device were 
defined. Also, the elasticity (167,000 MPa) and Poisson’s 
ratio (0.27) of the CFRP bar were defined, respectively. 
The loads were classified during the initial and loading 
steps. In the initial step, an initial stress of 1,283  MPa 
(42% of tensile strength) was applied to the prestressing 
for the CFRP bar. Previous studies (Cho et al., 2022, 2024; 
Lee et  al., 2017a, 2017b, 2019, 2024) examined the slip 
and friction behavior of CFRP experimentally and ana-
lytically. The CFRP anchorage system employed does not 
induce slip or friction until the tensile failure of CFRP. 
Consequently, the analysis model was conducted under 
the assumption that no prestressing loss occurred. The 
boundary conditions are as shown in Fig. 8b. The implicit 
FEA was performed by applying a vertical load to the 
PSC beam using the Newton–Raphson method in the 
loading step. For the vertical load, the initial increment 
(0.005), minimum increment (1.0 ×10−5 ), and maximum 
increment (0.01) were set, respectively.

Considering the plastic regime of each material of the 
material nonlinearity, the modeling method within the 
ABAQUS (2021) was used. The concrete damaged plas-
ticity (CDP) material model was introduced to analyze 
the plastic behavior of concrete (ABAQUS, 2021). The 
nonlinear behavior of steel reinforcement, anchorage 
device, steel strand, and CFRP bar was implemented 
using the plastic material model in ABAQUS (2021).

Herein, three interfaces were considered during the 
modeling of the NSM post-tensioned CFRP strengthen-
ing system. The first interface was formed between the 
concrete and the epoxy. During the experiment, no con-
tact surface cracks were observed between the concrete 
and the epoxy. Therefore, the first interface was imple-
mented to be bonded tightly. The next was the interface 
between the CFRP and the epoxy. The CFRP was embed-
ded into the epoxy. The embedded element technique 
(EET) implemented the element restricted in host ele-
ments (ABAQUS, 2021). Moreover, this technique was 
used to implement the steel reinforcement and steel 
strands in the concrete. Therefore, the interface between 
the CFRP and the epoxy was defined as the EET. The final 
interface was formed at the anchorage device that fixed 
CFRP. In the experiment, slips due to destruction were 
not observed in the final interface. Therefore, the final 
interface was implemented as the rigid link.

Fig.  9 compares the load–deformation relationship 
between the FEA and the experiment. This study aimed 
to perform FEA based on PNSM-C40-P280, which is the 
ideal state. The initial concrete crack, steel yield, and ulti-
mate load obtained during FEA were analyzed and com-
pared to the experimental results. The initial concrete 
crack load was 122.6 kN and 120.0 kN in the experiment 
and FEA, respectively, with a difference of approximately 
2.1%, as shown in Fig. 9a. The error rate of the steel yield 
load of the experiment (286.9 kN) and FEA (290.0 kN) 
was found to be below 1.1%. The ultimate load based on 
the experimental and FEA results was 311.0 kN and 317.0 
kN, respectively. The difference ratio of the ultimate load 
between the experimental and FEA results was smaller 
than 2%. Fig. 9b shows the strain generated in the CFRP 
bar, which was found to be 6,940 µε and 7,525 µε , in the 
experiment and FEA, respectively, with a difference ratio 
of was approximately 8%. It is predicted that this value 
was obtained, because the connection between the CFRP 
bar and PSC beam was stiffer in the FEA than in the 
experiment. The suggested FE model predicted the error 
rates of initial concrete crack, steel yield, and the ultimate 
load to be less than 3%, and implemented a similar CFRP 
bar behavior to the experiments. Therefore, in this study, 
the flexural behavior of the NSM post-tensioned CFRP 
strengthening system under PSC beam could be pre-
dicted using the suggested FE model.

Fig. 7  Strain results according to compressive strength 
and prestressing of steel strand
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The crack pattern on the concrete surface and stress 
distribution of PNSM-C40-P280 were analyzed using 
the suggested FE model. Fig. 10 shows the crack pattern 
of PNSM-C40-P280 observed from the experiments. In 
PNSM-C40-P280, vertical cracks at the bottom occurred 
owing to the ultimate load. Simultaneously, in the upper 
part of PNSM-C40-P280, the compressive force exceeded 
the compressive strength, resulting in a concrete crush. 
This can be attributed to the ultimate load, which indi-
cates the occurrence of a tensile and compression fail-
ure mode. Fig.  11 shows the maximum principal stress 
distribution exhibited by the load level in the suggested 
FE model. At a load of 150 kN, a region at the bottom 
of the suggested FE model exceeded the tensile limit 
stress (4 MPa). The region exceeding the bottom tensile 
limit stress spread when the load was between 200 and 
250 kN. At the ultimate load (317 kN), the suggested 

FE model exhibited stress that exceeded the compres-
sion limit stress (40 MPa) in the upper part, resulting in 
a concrete crush. Additionally, the region exceeding the 
tensile limit stress at the bottom spread to the upper part. 
Therefore, at the bottom of the suggested FE model, the 
region exceeding the tensile limit stress increased as the 
load increased. However, at the top, the region exceeding 
the compression limit stress was generated owing to the 
ultimate load. Therefore, the maximum principal stress 
distribution in the FEA exhibited a similar behavior to 
the crack in the experiment. As a result, the suggested 
FE model predicted the failure mode of the NSM post-
tensioned CFRP strengthening system under PSC beam.

Fig. 8  Finite-element model



Page 14 of 19Cho et al. Int J Concr Struct Mater           (2024) 18:58 

6 � Parametric Study Using The Suggested 
Finite‑Element Model

Table  6 presents the FEA parameters. A parametric 
study was conducted to analyze the results obtained 
using different steel reinforcement ratios and compres-
sive strengths that were not identified in the experi-
ments. Steel reinforcement ratios of 0.0024, 0.0038, and 
0.0055 and compressive strengths of 30  MPa, 40  MPa, 
and 50 MPa were used. In this study, the different cases 
of steel reinforcement ratios and compressive strengths 
were divided based on that of PNSM-C40-D16 to analyze 
the flexural behavior of the FE model. Fig. 12 shows the 
displacement results of the parametric study according to 
the steel reinforcement ratio and compressive strength of 
the concrete. For the initial crack load, the compressive 
strength and prestressing force were dominant, indicat-
ing that the effect of the steel reinforcement ratio was 
small. Therefore, this study focused on analyzing the 
steel yield load and ultimate load with varying steel rein-
forcement ratios. When the steel reinforcement ratio was 
higher than that of PNSM-C40-D16 (PNSM-C40-D19), 
the steel loading and ultimate load increased by 21.4% 
and 21.5%, respectively. Conversely, when the steel rein-
forcement ratio was lower (PNSM-C40-D13), the steel 
yield and ultimate load decreased by 16.9% and 16.4%, 
respectively (Fig.  12a). As shown in Fig.  12b, PNSM-
C50-D16 exhibited a larger compressive strength com-
pared to PNSM-C40-D16, and hence, the initial crack 
load, steel yield, and ultimate load increased by 16.7%, 
8.6%, and 10.1%, respectively. In PNSM-C30-D16, the 
compressive strength was lower, due to which the initial 
crack load, steel yield load, and ultimate load decreased 
by 20.8%, 10.3%, and 9.8%, respectively, compared to 
those of PNSM-C40-D16.

Fig. 9  Load–deformation comparison between thefinite-element 
analysis and experimental results

Fig. 10  Final crack pattern of the test (PNSM-C40-P280)
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Fig. 13 shows the ultimate load trend according to the 
parameters. In terms of the strengthened PSC beam with 
the NSM post-tensioned CFRP strengthening system, 
the ultimate load increased close to the line as the steel 
reinforcement ratio increased (Fig.  13a). Fig.  13b shows 

the ultimate load trend according to the compressive 
strength. In the NSM post-tensioned CFRP strengthen-
ing system strengthened PSC beam, the ultimate load 
improved at a constant rate as the steel reinforcement 
ratio increased. Therefore, these parameters should 
be the main design factors when using the NSM post-
tensioned CFRP strengthening system, considering the 
strengthening effect of the NSM post-tensioned CFRP 
strengthening system improves according to the steel 
reinforcement ratio and compressive strength.

7 � Conclusion
In this study, four-point loading experiments were con-
ducted to analyze the flexural strengthening effect of the 
NSM post-tensioned CFRP strengthening system under 
PSC beam depending on the strengthening method and 

Fig. 11  Stress distribution of thefinite-element model

Table 6  Parameters of the finite element analysis

Parameter name Compressive strength 
of the concrete (MPa)

Steel reinforcement ratio

PNSM-C40-D13 40 0.0024 (380 mm
2 , 3-D13)

PNSM-C40-D16 0.0038 (597 mm
2 , 3-D16)

PNSM-C40-D19 0.0055 (861 mm
2 , 3-D19)

PNSM-C30-D16 30 0.0038 (597 mm
2 , 3-D16)

PNSM-C50-D16 50 0.0038 (597 mm
2 , 3-D16)

Fig. 12  Displacement results of the parametric study
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material properties. Furthermore, a 3D finite-element 
nonlinear analysis was conducted to compare the flex-
ural behavior of the strengthened PSC beam through 
experiments and FEA. Finally, a parametric study was 
performed. The results of the different strengthening 
methods and material properties of the PSC beam are as 
follows:

1.	 Compared to the PSC reference beam, the ultimate 
load of the NSM with post-tensioned and non-post-
tensioned CFRPs strengthening system under PSC 
beam increased by up to 22.1% and 9.0%, respectively. 
Moreover, the initial crack load of the NSM post-
tensioned CFRP strengthening system strengthened 
PSC beam increased by 44.8%, whereas that of the 
PSC beam using the NSM non-post-tensioned CFRP 
strengthening system increased by less than 9%, com-
pared to those of the PSC reference beam. Therefore, 
the NSM post-tensioned CFRP strengthening system 

was superior to the NSM non-post-tensioned CFRP 
strengthening system.

2.	 The ultimate load of the strengthened PSC beam 
with the NSM post-tensioned CFRP strengthening 
system using normal concrete (40 MPa) and deteri-
orated concrete (20  MPa) increased by up to 30.9% 
and 24.4%, respectively. The endurable stress in the 
concrete increased in the NSM post-tensioned CFRP 
strengthening system when normal concrete was 
used owing to the high compressive strength, which 
resulted in an improved flexural strengthening effect.

3.	 Compared to the PSC reference beam, the ultimate 
load of the appropriate prestressing force of the steel 
strand (280 kN) increased by up to 30.9%, and that 
of half the appropriate prestressing force of the steel 
strand (140 kN) increased by up to 25.4%. Therefore, 
when the prestress loss is low, the initial crack load 
of the PSC beam increases, which in turn increases 
the flexural strengthening effect of the NSM post-
tensioned CFRP strengthening system. In addition, 
the NSM post-tensioned CFRP strengthening system 
reinforced the structural performance of PSC struc-
tures due to the high strengthening effect even if the 
prestressing force decreases according to the aging of 
steel strands.

4.	 The NSM post-tensioned CFRP strengthening sys-
tem with normal concrete (40  MPa) maintained a 
strengthening ratio of over 30% at the initial crack 
load, even when the appropriate prestressing force 
of the steel strand (280 kN) was used. However, 
the strengthening ratio of the initial crack load of 
the NSM post-tensioned CFRP strengthening sys-
tem with deteriorated concrete (20  MPa) rapidly 
decreased from 44.8% to 11.4% as the prestressing 
force of the steel strand increased. Because the ten-
sile limit stress of the NSM post-tensioned CFRP 
strengthening system with deteriorated concrete is 
low, the initial crack generated more rapidly. There-
fore, the resistance of the NSM post-tensioned 
CFRP strengthening system against the initial crack 
decreased as the concrete aged.

5.	 The difference ratio of the design compared to 
experiment decreased as the compressive strength 
increased. The difference ratio of the initial crack 
load and ultimate load between the design and test 
was found to be lower than 3% when the compressive 
strength was 40 MPa. Conversely, when the compres-
sive strength was 20 MPa, the damage to the anchor-
age device increased, which increased the difference 
ratio of the design compared to experiment by up 
to 25.5%. Therefore, the NSM post-tensioned CFRP 
strengthening system exhibits a high difference ratio 

Fig. 13  Ultimate load trend according to the experiment parameters
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of the design compared to experimental values under 
deteriorated concrete.

6.	 The suggested FE model predicted the flexural behav-
ior and failure mode of the experiment. Furthermore, 
the suggested FE model implemented the initial stiff-
ness that appeared in the experiment and predicted 
the initial concrete crack load, steel yield load, and 
ultimate load with an error rate of less than 3%. Fur-
thermore, the stress distribution of the suggested 
FE model was similar to that of the test unit. There-
fore, the suggested FE model can predict the flexural 
behavior and failure mode of the NSM post-ten-
sioned CFRP strengthening system under PSC beam.

7.	 According to the results of the parametric study, the 
ultimate load of the suggested FE model increased 
close to linearity as the steel reinforcement ratio and 
the compressive strength increased. Therefore, con-
sidering the flexural strengthening effect increases 
according to the parameters of the PSC structure in 
the NSM post-tensioned CFRP strengthening sys-
tem, the material properties should be considered as 
the main factors.

8.	 In this study, the NSM post-tensioned CFRP 
strengthening system has a high strengthening effect 
on deteriorated PSC structures. There was a differ-
ence between design and experiments of the NSM 
post-tensioned CFRP strengthening system under 
deteriorated PSC beam, so it is necessary to supple-
ment the design method in the future. However, the 
NSM post-tensioned CFRP strengthening system has 
excellent strengthening effect even in severely deteri-
orated PSC structures. Therefore, the NSM post-ten-
sioned CFRP strengthening system is expected to be 
an effective way to solve the problem of deteriorated 
low-strength PSC structures.
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