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ABSTRACT 

Steel plate strengthening method is a common, efficient, and mature reinforcement method 
that utilizes structural adhesive to bond steel plates with concrete components to work together. It 
takes advantage of the excellent tensile strength of steel plates to improve the mechanical properties 
of the original structure. However, epoxy-based structural adhesives are highly sensitive to the 
environment, and curing effect at low temperatures is a key issue. This study developed a low-
temperature-resistant fast-curing structural adhesive (LTR-FCA) that can achieve rapid curing at low 
temperatures of -5 °C. The flexural performance of reinforced concrete beams strengthened with 
steel plates using LTR-FCA was compared with that using Normal Structural Adhesive (NSA). 
Experimental results indicated that LTR-FCA could rapidly cure at a low temperature of -5°C. 
Compared to NSA, which cures at room temperature, the use of LTR-FCA effectively delayed the 
debonding of the steel plates. 
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INTRODUCTION 

The safety and durability of in-service concrete structures have always been hot topics in civil 
engineering. The main methods for repairing and strengthening concrete structures include 
enlarging the cross-section [1-4], bonding plates [5-8], or applying prestress [9-12]. 

The steel plate bonding method is widely studied and used due to its mature technology and 
effective reinforcement. R Thamrin et al. [13,14] investigated how different reinforcement methods 
and the lengths of steel plates affect the flexural strength of RC beams. The test results revealed 
that the length of steel plate application influenced the failure mode of the reinforced beams. 
Additionally, beams that failed due to debonding bore loads similar to the control beams. Yan et al. 
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[15] conducted a study to analyze the effects of steel plate thickness and U-shaped steel plate hoops 
on the failure mechanism and dynamic response of the structure. The result of the research indicates 
that as the bonded the steel plate thickness increased, the peak displacement and residual 
displacement in the mid-span decreased by 6.55% and 29.53%, respectively, and the residual 
flexural capacity increased by 25.02%. When U-shaped steel plate hoops were implemented, the 
residual flexural capacity of the reinforced beam was significantly improved, and both the peak 
displacement and residual displacement in the mid-span decreased. Thamrin et al. [16] studied the 
mechanical properties of reinforced concrete beams with steel plates bonded to the webs. The test 
variables included the ratio of longitudinal reinforcement and the position of the steel plates. The 
study emphasized the importance of avoiding steel plates debonding. 

Structural adhesives play a crucial role in steel plate reinforcement technology, ensuring that 
the steel plates are tightly bonded to the structures to be reinforced, thereby enhancing the 
synergistic effect between them. Epoxy resin and curing agents are the main materials for bridge-
strengthening adhesives [17-19]. Consequently, extensive research has been conducted on 
developing structural adhesives. 

Wu et al. [20] evaluated the mechanical properties of two types of hydroxyl-terminated 
polyurethanes (HTPU1 and HTPU2) modified bisphenol A (DGEBA)/diethyl toluene diamine 
(DETDA) systems, specifically assessing the influence of phase structure on the overall 
performances of the resin at room temperature (RT) and cryogenic temperature (77 K). Mohammad 
et al. [21] studied the effects of carbon-based and silicon-based nanomaterials on the physical-
chemical properties of a structural epoxy adhesive. The results showed that the addition of 
nanomaterials altered the chemical composition of the NE. In addition, impregnating the 
nanoparticles into NE affected its physical structure, resulting in an increase in porosity and a 
decrease in crystallinity with increasing wt.%. S Ranji et al. [22] conducted research on the synthesis 
of new urethane epoxy adhesives and their adhesive properties on different substrates. The findings 
revealed that compared to common DGEBA-based epoxy adhesives, the novel urethane-epoxy 
adhesive exhibited superior mechanical properties, specifically in terms of shear strength and 
elongation. Leena Karthikeyan et al. [23] developed a new type of room-temperature-cured epoxy 
resin and mixed it with different amounts of hydroxyl-terminated poly(etheretherketone)s 
(PEEKTOH), a thermoplastic toughening agent. The mixed resin was then cured using 
triethylenetetramine (TETA). Their research showed that the viscosity of the resin increased with the 
proportion of PEEKTOH in the epoxy matrix, which subsequently reduced the wetting characteristics. 
Moreover, the introduction of PEEKTOH phases into the mixture reduced the gel time from 175 
minutes to 30 minutes. 

However, epoxy resin adhesives are highly susceptible to environmental conditions, with the 
curing temperature being primarily determined by the reactivity of both the curing agent and the resin 
itself. In situations where the ambient temperature is below 0 °C, the adhesive may experience 
crystallization hardening and other related issues. Many current adhesives either cannot be fully 
cured at low temperatures or require extended curing times, which directly impact progress and 
quality of the project. Therefore, the development of low-temperature-resistant fast-curing structural 
adhesives (LTR-FCA) has always been a crucial topic within the field of engineering reinforcement. 

Moussa et al. [24,25] discovered that the tensile properties of a commercial structural epoxy 
adhesive are greatly influenced by the curing temperature. At lower temperatures, the curing process 
slows down significantly, resulting in a corresponding reduction in the development rate of 
mechanical properties. At 0 °C, the curing process is either completely inhibited or fails to initiate 
altogether. Younes Jahani et al. [26] conducted a comprehensive experimental study to investigate 
the influence of temperature on the mechanical properties and glass transition temperature (Tg) of a 
structural epoxy adhesive. The results showed that the curing process (curing and post-curing) 
temperature had a positive impact when it was below the Tg, but had a negative impact when it 
exceeded the Tg. Ricardo Cruz et al. [27] studied the effects of the preparation, curing, and 
hygrothermal conditions on the viscoelastic response of a structural epoxy adhesive. The results 
showed that the preparation method had a significant impact on the tensile properties of the adhesive, 
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particularly on its viscoelastic response. Specimens that were degassed and cured at 20 °C exhibited 
lower creep deformations. However, specimens that were exposed to 98% relative humidity 
experienced tertiary creep before ultimately rupturing. 

This study aims to prepare a low-temperature-resistant fast-curing structural adhesive (LTR-
FCA) by adjusting the ratio of epoxy resin to low-temperature curing agents, and introducing 
toughening agents, promoters, and inorganic fillers as modifiers. Subsequently, flexural tests on 
reinforced concrete beams were conducted under different temperature conditions (-25°C, -5°C and 
20°C), to investigate the bonding performance of LTR-FCA in low-temperature environments, and 
compare its adhesive effects with that of normal structural adhesives used under room temperature 
conditions. 

DEVELOPMENT OF STRUCTURAL ADHESIVE FOR STEEL BONDING 

Material composition 

Epoxy resin curing agents commonly used include dicyandiamide, imidazole derivatives, 
anhydrides, and aromatic amines [28-31], among these curing agents typically require high or 
relatively high temperatures to effectively cure epoxy resin. At room temperature and low 
temperatures, mercaptan-based curing agents and thiourea-modified amine curing agents can 
achieve a rapid cure. There are numerous types of mercaptan-based curing agents [32-34], with 
common examples being liquid oligomers or multi-thiol compounds. The selection of accelerators 
varies depending on the structure of the mercaptan curing agent, resulting in differences in curing 
temperature and time. 

Polythiol curing agent [35-37] is a type of multi-thiol that can be prepared by reacting β-
mercaptopropionic acid with pentaerythritol to generate a multi-thiol ester. This ester is then heated 
and extended using a small amount of E-51 epoxy resin. The polythiol curing agent acts as a fast-
curing agent at room temperature or low temperature, with low toxicity. When combined with an 
amine promoter, the epoxy resin can be cured within 1-5 minutes. Even under low temperatures (-
20-0°C) and humid environments, the addition of promoter DMP-30 can also cure the epoxy resin. 
The curing time is 2-10 minutes, and the strength for use can be reached after 10-30 minutes. Full 
cure takes 7 days. 

The main research and development ideas are: (a) By adjusting the ratio of epoxy resin E-
51 and epoxy resin JD919, an epoxy resin that does not crystallize in a low temperature environment 
of -5 °C is formulated; (b) Fillers such as silica, white carbon black, and microbeads make the 
adhesive paste-like, with thixotropic and non-slippery properties during application, and reduce the 
linear expansion coefficient of the adhesive. (c) Tougheners can improve the toughness and low-
temperature resistance of the adhesive, and reduce the cure shrinkage. (d) Low-temperature curing 
agents (thiourea-modified aliphatic polyamines and polythiols) can promote the curing of the 
adhesive in a low-temperature environment of -5 °C or above, with good resistance to acids, bases, 
and water. 

After multiple experiments, the optimal ratio of low-temperature-resistant fast-curing 
structural adhesive was obtained. Refer to Table 1 for details.  
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Tab. 1 - Recipe of structural adhesive for steel bonding (unit: g) 

Type of glue Materials Component 

A 

Epoxy resin E-51 80.0 

Epoxy resin JD919 10.0 

polysulfide rubber 15.0 

coupling agent 2.0 

silica micro powder 98.0 

white carbon black 2.0 

microbeads 1.5 

B 

thiourea fatty polyamine 20.0 

polymeric mercaptan 10.0 

accelerator; promoter 3.0 

silica micro powder 31.0 

white carbon black 2.0 

Proportion: A / B 100 / 32.5 

Material Properties 

The material tests of low-temperature-resistant fast-curing structural adhesive (LTR-FCA) 
were carried out, and the average values of 5 specimens in each group were taken, as shown in 
Figure 1. 

 

 
(a) Tensile test, (b) Flexural test, (c) Compressive test, (d) Test of normal tensile bond strength 

with concrete. 
Fig.1 - Material Test 

There are 2 types of test curing stages: 

Curing stage I: At -5 °C, the curing period is 7 days, marked as 7d (-5 °C); According to the 
specifications [38], during this curing stage, the strength of the glue should reach 90% of the technical 
indicators. 

Curing stage II: After curing for 7 days at -5 °C, it shall be cured for another 3 days at 23±2 °C, 
marked as 7d (-5 °C) + 3d (23±2 °C). At the same time, the specifications stipulate that after the 
curing stage, the strength of the rubber should meet the requirements of technical indicators. 

Table 2 shows the test results of the material properties of LTR-FCA under the two conditions 
mentioned above.  
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Tab. 2 - Material properties of LTR-FCA 

Material index 
7d(-5 °C) 7d(-5 °C) + 3d(23±2 °C) 

Indicator Test value Indicator Test value 

Tensile strength (MPa) ≥ 27.0 39.3 ≥ 30 43.2 

Tension elastic modulus (MPa) ≥ 2.9(×103) 5.2 ≥ 3.2(×103) 5.5 

Elongation (%) ≥ 1.1 1.4 ≥ 1.2 1.4 

Flexural strength (MPa) ≥ 40.5 65.2 ≥ 45.0 95.7 

Compressive strength (MPa) ≥ 58.5 63.7 ≥ 65.0 74.8 

Tensile shear strength of steel-steel (MPa) ≥ 13.5 13.5 ≥ 15.0 15.3 

Steel-steel T impact stripping length (mm) ≤ 27.8 0.0 ≤ 25.0 0.0 

Tensile strength of steel-steel butt bond (MPa) ≥ 29.7 30.3 ≥ 33.0 34.1 

The tensile bond strength with concrete (MPa) ≥ 2.2 2.6 ≥ 2.5 3.0 

Non-volatile matter content (%) ≥ 89.1 99.6 ≥ 99.0 99.6 

From Table 2, it can be seen that all material performance tests meet the requirements of the 
technical specifications, especially with regards to tensile strength and flexural strength, which 
reached 43.2MPa and 95.7MPa respectively, demonstrating excellent material performance. 

TEST OF STRENGTHENING CONCRETE BEAMS WITH STRUCTURAL ADHESIVES 

This study has developed a low-temperature-resistant fast-curing structural adhesive (LTR-
FCA) for steel bonding in concrete reinforcement, aiming to improve the construction convenience 
and reliability of the structural adhesive in low-temperature environments. In addition, to verify the 
superiority of its materials and mechanical properties, the strengthening beam was conducted 
flexural test to compare and analyze it with normal structural adhesives (NSA). 

A total of 3 groups of test beams were designed, with dimensions of 2900mm in length, 
280mm in width, and 340mm in height. The three groups of specimens were tested at 20 °C, -5 °C, 
and -25 °C. Each group consists of 3 test beams, one of which is a normal reinforced concrete beam 
without steel plate bonding, while the other two beams are strengthened with NSA and LTR-FCA, 
respectively. Strengthening beams with 1600 mm×200 mm×3 mm Q235 steel plates at the bottom, 
and the thickness of the adhesive layer is controlled at 2mm. The main parameters of the test beams 
are shown in Table 3. 

Tab. 3 - Main parameters of the test beams 

Group Label 
Type of 

structural 
adhesives 

Steel plate 
thickness 

(mm) 

Cultivation 
method 

Testing 
temperature 

(°C) 

I 

CB+20 / / / 

20 
NTB+20 NSA 3 7d (23±2 °C) 

LTB+20 LTR-FCA 3 
7d (-5 °C) 

+ 3d (23±2 °C) 

II 

CB-5 / / / 

-5 
NTB-5 NSA 3 7d (23±2 °C) 

LTB-5 LTR-FCA 3 
7d (-5 °C) 

+ 3d (23±2 °C) 

III 

CB-25 / / / 

-25 
NTB-25 NSA 3 7d (23±2 °C) 

LTB-25 LTR-FCA 3 
7d (-5 °C) 

+ 3d (23±2 °C) 

The test beams were crafted from C40 commercial concrete, and the concrete cube strength 
(fcu) was determined through experiments conducted at 20 °C, -5 °C, and -25 °C, resulting in values 
of 48.7MPa, 44.0MPa, and 52.3MPa, respectively. The longitudinal tensile steel bars incorporate 
four HRB400 steel bars with a diameter of 28mm (fy = 420MPa). The stirrups and bracket steel bars 
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feature HRB400 steel bars with a diameter of 10mm (fy = 448MPa). The steel plate is fashioned from 
Q235 steel with a yield strength of 235 MPa. Both the steel bars and steel plates are assumed to 
have an elastic modulus of 200 GPa. The configuration of reinforcement in the test beams is 
presented in Figure 2. 

 

 
Fig. 2 - Design of test beam (unit: mm) 

Displacement meters were arranged at the support and mid-span positions of the test beam, 
and concrete strain gauges were installed along the height of the beam at the mid-span position. 
Rebar Strain gauges were adhered to the longitudinal reinforcement at the mid-span position. Steel 
plate strain gauges were affixed to the steel plate at the bottom of the beam to monitor the strain 
values in real-time during the loading process and determine whether the steel plate has peeled off. 

After the test beams were poured and cured for 90 days, the steel plate was pasted. The 
specific pasting method and curing process are as follows: 

(1)  NTB+20, NTB-5, NTB-25: Paste and cure for 7 days at (23±2) °C. 

(2)  LTB+20, LTB-5, LTB-25: Paste and cure for 7 days at -5 °C, then cure for 3 days at (23±2) °C. 

After the completion of the curing process, the test beams were placed in an environmental 
simulation chamber, and after 4 hours at the predetermined temperature, a uniaxial three-point load 
was applied. The load was applied in a displacement gradient manner through a jack. 

FAILURE PHENOMENON AND RESULT ANALYSIS OF TEST BEAMS 

Load – displacement curve and failure process 

A total of 9 beams were tested, respectively at 20 °C, -5 °C and -25 °C. The main variables 
in the experiment were the type of adhesive and the test temperature. 

The main experimental results are shown in Table 4. By bonding steel plates to the bottom 
surface of the concrete beam with structural adhesive, the steel plates and the test beam were 
integrated, effectively bearing the stress at the bottom of the beam, enhancing the stiffness of the 
beam, and increasing the cracking load of the beam. The cracking load of the reinforced test beams 
increased by 10~20 kN, and the propagation of bottom cracks in the concrete beams was effectively 
delayed before the steel plates peeled off.  
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Tab - 4 Main experimental results 

Label 
Cracking load 

(kN) 
Peeling load of steel plate 

(kN) 
Ultimate load of beam 

(kN) 

CB+20 49.7 / 429.7 

NTB+20 61.2 261.9 418.1 

LTB+20 69.6 309.7 422.1 

CB-5 48.3 / 424.8 

NTB-5 62.0 287.1 412.4 

LTB-5 70.5 311.4 419.3 

CB-25 47.5 / 424.3 

NTB-25 59.5 290.2 442.9 

LTB-25 69.4 321.7 425.0 

The strengthened beams in the test all experienced steel plate peeling before the beam 
failure, with NTB-5, LTB+20 and LTB-25 as examples, which is illustrated in Figure 3. Ultimately, 

both the control beams and the reinforced beams experienced flexural failure, with CB-25, NTB-25 

and LTB-25 as examples, which is illustrated in Figure 4. 

 

 
(a) NTB-5 

 
(b) LTB+20 

 
(c) LTB-25 

Fig. 3 - Peeling of steel plate 
 

 
(a) CB-25 

 
(b) NTB-25 

Fig. 4 - The crack distribution of test beams 
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(c) LTB-25 

Fig. 4 - The crack distribution of test beams 

Figure 5 shows the load-displacement relationship of the test beams at different temperatures. 
When the test temperature was reduced from 20°C to -5°C and -25°C, the peel loads of both types 
of structural adhesives increased. For the test beams NTB-5 and NTB-25 using NSA, their peel loads 
increased by 9.6% and 10.8% respectively compared to NTB+20; while for the test beams LTB-5 
and LTB-25 using LTR-FCA, the increase was 0.5% and 3.9% respectively compared to LTB+20. 
Compared to NSA, LTR-FCA has a lower sensitivity to temperature changes, demonstrating better 
curing stability. 

 
(a) CB 

  

(b) NSA (c) LTR-FCA 

Fig. 5 - Load – displacement curve 

As shown in Figure 6, at different test temperatures, the peeling load of the test beams 
reinforced with LTR-FCA was generally higher than that of the beams reinforced with NSA. 
Specifically, at -25°C, the peeling load of LTR-FCA increased by 10.78% compared to NSA; it 
increased by 8.50% at -5°C; and at +20°C, it increased by 18.21%. This indicates that the LTR-FCA 
can effectively cure even in low-temperature environments and demonstrates superior bonding 
performance. 
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Fig. 6 - Peeling load of steel plate (kN) 

In the later stages of the test beams after the steel plate was peeled off, the flexural capacity 
of the strengthened beams was not significantly different from the control beams. This is because 
the flexural load-bearing capacity of the beam is mainly determined by the dimensions of the beam, 
the number of longitudinal reinforcements, and the strength of the concrete. In addition, the test 
beams exhibited typical flexural failure. 

Strain 

The curves of strain versus load for test beams are shown in Figure 7. It can be seen from 
Figure 7 that during the initial loading period, the neutral axis remained stable near the mid-span of 
the beam, and the cross-section approximately met the plane section assumption. As the load 
increased, the cross-section cracked, and the neutral axis gradually shifted towards the compressive 
zone. Overall, however, the strain condition remained largely consistent with the plane section 
assumption. 

  

(a) CB+20 (b) LTB-25 

Fig. 7 - Load-strain curve in the mid-span section of the test beam 

Figure 8 shows the strain response curves of longitudinal reinforcement under different loads. 
It is observed that the trend of strain variation in the longitudinal reinforcement of the test beams with 
increasing load is consistent with their load-displacement curves. When the steel plate peeling 
occurs, the strain in the longitudinal reinforcement of the strengthened beams increases sharply, 
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ranging from 476 με (NTB-5) to 746 με (NTB+20). This indicates that once the steel plate peeling, it 
loses its load-bearing capacity, leading to a greater load on the longitudinal reinforcement and thus 
a significant increase in strain. All test beams ultimately experienced the yielding of longitudinal 
reinforcement and the crushing of concrete in the compression zone, demonstrating good ductility 
and exhibiting a typical flexural failure mode. 

 
(a) CB 

  
(b) NSA (c) LTR-FCA 

Fig. 8 - Load-strain response curves of the longitudinal reinforcements 

Figure 9 shows the relationship curve between the steel plate strain and load for some of the 
test beams. It can be observed that as the load gradually increases, the strain in the steel plate 
correspondingly rises. This is particularly noticeable at the mid-span position of the steel plate, where 
the strain increment is significantly higher than at the ends, while the stress at the ends remains 
almost unchanged; when the end steel plates become detached, the stress at the mid-span position 
drops rapidly. This indicates that during the loading process, the steel plate mainly bears shear 
forces at the mid-span, while it primarily withstands normal stress at the ends. It is recommended 
that in practical engineering applications, bolting at the ends of steel plates should be used for 
anchoring to delay the peeling phenomenon. 

  
(a) NTB+20 (b) LTB-25 

Fig. 9 - Load-strain curve in steel plates of the test beam 
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As shown in Figure 10, when the test temperature was reduced from 20°C to -25°C, the loads 
corresponding to the maximum steel plate strain for beams using NSA were 261.9kN, 287.1kN, and 
290.2kN, respectively, while for beams using LTR-FCA, the loads were 309.7kN, 311.4kN, and 
321.7kN, respectively.  These results indicate that as the test temperature decreases, the maximum 
strain of the steel plate increases, consistent with the relationship between peel load and 
temperature.  This phenomenon can be explained by the principle of thermal expansion and 
contraction: the reduction in temperature causes the inter-particle spacing between the substrate 
and the adhesive to decrease, enhancing their bonding strength. And at the same test temperature, 
the maximum strain of steel plate LTR-FCA (1753 με~2723 με) is greater than that of NSA (1347 
με~1893 με), which is consistent with the relationship between the peeling load of the two adhesives, 
exhibits better bond strength of LTR-FCA. 

  
(a) Load strain at midspan of the NSA 

steel plate 
(b) Load strain at midspan of the LTR-

FCA steel plate 

Fig. 10 - Load-strain curve in steel plates of the test beam 

CONCLUSION 

This study developed a low-temperature-resistant fast-curing structural adhesive for winter 
construction and tested its mechanical properties. Additionally, experimental research on the 
application of structural adhesives to reinforce concrete was conducted. The main conclusions are 
as follows: 

(1)  By bonding steel plates to the bottom surface of concrete beams with structural adhesive, 
the steel plates and the test beams are integrated to effectively bear the stress at the bottom of the 
beam. This method enhances the stiffness of the beam and increases its cracking load. It also 
effectively delays the expansion of cracks at the bottom of the concrete beam before the steel plates 
peel off. 

(2)  For the NTB-5 and NTB-25 beams using NSA, the peeling load increased by 9.6% and 10.8% 
compared to NTB+20. While for LTB-5 and LTB-25 beams using LTR-FCA, the peeling load 
increased by 0.5% and 3.9% compared to LTB+20. Whether it is NSA or LTR-FCA, their peel load 
shows a certain trend of increasing with the decrease of the test temperature. 

(3)  At 20 °C, -5 °C, and -25 °C, the peeling load of LTR-FCA is 18.21%, 8.50%, and 10.57% 
higher than that of NSA, respectively. That is, at the same test temperature, the peeling load of LTR-
FCA is always higher than that of NSA. This reflects the good effect of LTR-FCA on the reinforcement 
of concrete structures. 

(4)  The developed LTR-FCA can effectively cure in low-temperature environments and 
possesses excellent material properties and adhesive strength. Considering that the ends of steel 
plates primarily bear normal stress, it is recommended to use bolt anchoring at the ends of steel 
plates in engineering applications to mitigate the peeling phenomenon. 
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