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Abstract 17 

In this study, a novel unbonded mechanical clamping system was developed for the strengthening of 18 

tensile metallic members using prestressed carbon fiber reinforced polymer (CFRP) plates. The system 19 

clamps a pair of prestressed CFRP reinforcement to a metallic substrate and provides an almost 20 

uniform contact pressure over the CFRP plate along the anchorage length. A finite element simulation 21 

was used to optimize the design of the mechanical components of the system. Subsequently, a set of 22 

static and fatigue tests was performed to evaluate the performance of the optimized design. 23 

Experimental results revealed that the proposed mechanical clamping system is capable of transferring 24 

the entire tensile capacity of the CFRP plates to the steel substrate, even after experiencing 10 million 25 

fatigue cycles. The comparative performance of the developed clamps was further investigated by a set 26 

of static tests on steel plate specimens strengthened with the prestressed bonded reinforcement (PBR) 27 

and the newly developed prestressed unbonded reinforcement (PUR) systems. Furthermore, simple 28 

analytical models are proposed to formulate the stress state in prestressed unbonded and bonded 29 

CFRP-strengthened tensile metallic members. The accuracy of the proposed analytical formulations 30 

was verified by the experimental results obtained during the current study. Experimental results 31 

revealed that the efficacy of having relatively high prestressing forces in the normal modulus (NM) 32 

CFRP reinforcements is much higher than the stiffness improvement obtained by using ultra-high 33 
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modulus (UHM) CFRPs. However, the available capacity of the PBR system before debonding failure 1 

is far lower than that of the developed PUR solution.  2 

Keywords: Steel structure, fatigue strengthening, carbon fiber reinforced polymer (CFRP), 3 

prestressed bonded reinforcement (PBR), prestressed unbonded reinforcement (PUR), ultra-high 4 

modulus (UHM) CFRP, analytical solution. 5 

 6 

Nomenclature 7 

Latin symbols Greek symbols 

A Area  α Thermal expansion coefficient 

b Width ε Strain 

d Fillet dimension λ Elastic shear stress distribution parameter 

E Elastic modulus μ Friction coefficient 

E´ Dynamic elastic modulus σ Normal stress 

G Shear modulus τ Shear stress 

l Length Subscripts 

n Elastic modulus ratio a Adhesive 

P Bolt preload/prestress force f FRP 

R Fatigue load ratio g Glass transition 

t Thickness pre Prestressing 

T Tension force or resultants s Steel  

ΔT Temperature difference t Transformed section 

v Longitudinal displacement u Ultimate 

  y Yield 

 8 

1. Introduction 9 

Today, a large number of existing metallic structures need to be strengthened against 10 

fatigue to carry higher service loads and/or be sufficiently safe for a longer service life. The 11 

conventional method for the strengthening of ageing metallic structures is to bolt or weld 12 

additional steel plates to the tension face of the member, and/or to replace a part of or the 13 

entire damaged structural member. It is obvious that these conventional techniques are time-14 

consuming, costly, and not so efficient, as the steel cover plates are usually bulky, heavy, 15 

difficult to fix, and prone to fatigue and corrosion [1], while such strengthening methods 16 

might not be applicable to all types of existing metallic structures (for instance due to poor 17 

weldability of the parent alloy). On the other hand, certain advantages of carbon fiber 18 

reinforced polymer (CFRP) composites, such as high corrosion resistance, light weight, high 19 
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strength, and fatigue endurance [2], have made CFRP composites a unique alternative for 1 

static (e.g., [3-7]) and fatigue (e.g., [8-12]) strengthening of ageing metallic structures.  2 

It is evident that the use of prestressed CFRP composites has several advantages over 3 

the nonprestressed reinforcements owing to their ability to reduce the permanent tensile 4 

stresses in the strengthened member. Therefore, application of prestressed CFRP 5 

reinforcements is of crucial interest for fatigue strengthening of existing metallic structures 6 

[13-15], as it can reduce the mean stress levels, and consequently, enhance the fatigue life of 7 

the strengthened member [16-18]. Despite this great advantage, fewer attempts have been 8 

made to use prestressed bonded reinforcement (PBR) systems for strengthening of steel 9 

members in practical cases [19]. This may be explained by the fact that high prestressing 10 

levels cannot be reached in PBRs, owing to the premature failure by debonding of the 11 

composite reinforcement from the steel substrate [20,21]. Consequently, for the PBR systems 12 

to be effective, the high interfacial and peeling stresses generated in the end zones of the 13 

prestressed reinforcement should be avoided. Therefore, mechanical end-anchorages are 14 

commonly used to deal with the debonding failure of PBRs, although very few laboratory 15 

applications of PBR systems without any end-anchorages can be found in the literature 16 

[22,23]. 17 

In 2015, several laboratory tests were performed at the Structural Engineering Research 18 

Laboratory of Empa to compare the behavior of steel beams strengthened by PBR and 19 

prestressed unbonded reinforcement (PUR) systems [24]. The results have shown that, when 20 

metallic beams are strengthened by prestressed CFRP plates, the static and fatigue 21 

performance of the CFRP-strengthened member is more sensitive to the prestressing level 22 

than to the existence of the adhesive bond [14,25]. Based on these results, a novel prestressed 23 

unbonded CFRP reinforcement system was developed [26] and tested in the laboratory [16]. 24 

The system was used for fatigue strengthening of Münchenstein Bridge, a 120-year-old 25 

metallic railway bridge in Switzerland [17]. Different possible configurations of the PUR 26 
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systems for strengthening of metallic I-beams are suggested in [27]. More recently a flat PUR 1 

(FPUR) system was developed by the authors to strengthen real-scale metallic I-beams using 2 

prestressed CFRP plates [28]. The system allows for an easy and straightforward on-site post-3 

tensioning of CFRP reinforcements using a set of hydraulic jacks. The developed FPUR 4 

system was then used to strengthen the cross-girders of a 122-year-old metallic roadway 5 

bridge in Australia [29]. The development, laboratory testing, and field application of the PUR 6 

systems, however, have been so far limited to the strengthening of metallic I-beams. On the 7 

other hand, in practical cases, there exist many other metallic member configurations, which 8 

require static and/or fatigue strengthening. Consequently, there is a need for the development 9 

of proper PUR solutions that can be used to strengthen existing tensile metallic members; the 10 

present paper addresses the aforementioned issue. 11 

In this study, analytical solutions are firstly proposed to analyze the stress state in 12 

prestressed unbonded and bonded CFRP-strengthened steel plates subjected to external tensile 13 

loading. Second, a novel friction-based mechanical clamping system is developed for the 14 

strengthening of tensile metallic members with prestressed CFRP plates. A finite element 15 

(FE) simulation is used to optimize the design of the required mechanical components of the 16 

system, and subsequently, the static and fatigue performance of the system is experimentally 17 

evaluated. The practical performance of the proposed system is then investigated in a set of 18 

static tests conducted on steel plate specimens strengthened with the PBR and the newly 19 

developed PUR systems. Lastly, the capability of the proposed analytical modeling to predict 20 

the stress state in the nonprestressed/prestressed bonded/unbonded CFRP-strengthened tensile 21 

steel members is evaluated using the experimental test results. It is worth mentioning that, the 22 

current paper is an extended version of the authors’ paper presented in the Fourth Conference 23 

on Smart Monitoring, Assessment and Rehabilitation of Civil Structures (SMAR 2017) [30]. 24 

2. Analytical Solution 25 

2.1. Prestressed Unbonded Reinforcement (PUR) 26 
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The schematic of a tensile steel member strengthened with mechanically anchored 1 

prestressed unbonded CFRP reinforcements is shown in Figure 1a. By assuming that the 2 

mechanical clamping system does not exhibit any slippage, and the CFRP and steel behave 3 

linearly (a reasonable assumption in the case of high cycle fatigue (HCF) loading), the axial 4 

stress in the steel substrate (σs) and the CFRP reinforcements (σf) due to the effect of the 5 

external tensile loading (T), CFRP prestrain level (εpre), as well as any temperature changes 6 

after CFRP strengthening (ΔT), can be expressed by solving the force equilibrium and 7 

displacement compatibility equations as follows: 8 
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where As and Af are the cross-sectional areas of steel, and the CFRP reinforcements on one 9 

side of the steel plate, respectively; Es and Ef are the elastic moduli of steel and the CFRP 10 

composite, respectively; αs and αf are the thermal expansion coefficient of steel and the CFRP 11 

composite, respectively. Furthermore,
s

f

E

E
n  , and At is the transformed cross-sectional area 12 

of the joint and is calculated as follows: 13 

fst nAAA 2  (3) 

2.2. Prestressed Bonded Reinforcement (PBR) 14 

It is obvious that an elastic-plastic analysis (such as that proposed by Hart-Smith [31]) is 15 

required to determine the debonding load of adhesively bonded CFRP-to-steel joints. 16 

However, for many applications, such as the design of composite patch reinforcements within 17 

the elastic limits, the determination of thermal residual strains due to the curing of the 18 

adhesive at elevated temperatures, and the fatigue strengthening of steel members, a simple 19 

one-dimensional linear-elastic model can be sufficiently accurate [15,32,33]. Therefore, as the 20 
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main intention of the current study is to compare the efficiency of a prestressed unbonded 1 

CFRP reinforcement with that of a prestressed bonded one in fatigue strengthening of steel 2 

members, the linear-elastic solution developed by Albat and Romilly [32] is deemed to be 3 

accurate enough for the determination of stress in the steel substrate. Consequently, in this 4 

section, the aforementioned model has been adopted to take into account the effect of a 5 

prestressing force in the CFRP reinforcements on the stress reduction and distribution along 6 

the steel substrate in an adhesively bonded CFRP-to-steel joint, subjected to external loading.     7 

Figure 1b depicts the schematic of a tensile steel member strengthened with double-8 

sided prestressed bonded CFRP reinforcements. In this case, the governing equilibrium 9 

equations can be derived using the free body diagram of an infinitesimal element of the joint, 10 

depicted in Figure 2, in conjunction with the selected coordinate systems as shown in Figure 11 

1b. The two differential equations for the horizontal force equilibrium can be expressed as 12 

[32,34,35] 13 
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where bf is the total width of the individual CFRP reinforcements on one side of the steel plate 14 

(if more than one strip is applied), τa(y) is the interfacial shear stress function, and Tf(y) and 15 

Ts(y) are axial forces in the CFRPs and steel substrate, respectively: 16 
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Considering the prestrain level in the CFRP reinforcements, as well as the effect of 17 

temperature changes, the compatibility equations for the CFRP plate, steel substrate, and the 18 

adhesive layer can be expressed as: 19 
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where εf(y), εs(y), vf(y) and vs(y) are axial strain and deformation of CFRP reinforcements and 1 

steel substrate, respectively; Ga and ta are the adhesive shear modulus and thickness, 2 

respectively. Differentiating Eq. (9) and substituting Eqs. (7) and (8) into the resultant 3 

equation yields to 4 
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By differentiating Eq. (10) and substituting the equilibrium equations (i.e., Eqs. (4) and 5 

(5)), into the resultant equation, the second-order ordinary differential equation of the 6 

adhesively bonded CFRP-to-steel joint in terms of the interfacial shear stress distribution can 7 

be obtained as 8 

0)(
d

)(d 2

2

2

 y
y

y
a

a 


 (11) 

where  9 
















ssffa

fa

AEAEt

bG 212  (12) 

Considering the general solution of the obtained differential equation and evaluating its 10 

unknown coefficients by applying the boundary conditions of the stress resultants Tf(y) and 11 

Ts(y) (see [32] for further details), the interfacial shear stress, as well as the axial stresses in 12 

the adherents can be formulated as follows: 13 
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where l is half of the CFRP reinforcement length and lyl  . From Eqs. (13)–(15) one can 1 

infer that applying prestressed CFRP plates as adhesively bonded reinforcements on a tensile 2 

steel member can reduce the stress level in the strengthened member, while leads to a 3 

distribution of interfacial shear stresses at the two extremities of the bonded length even at 4 

zero external load (T = 0). Careful study of Eq. (13), however, reveals that the prestrain level 5 

(εpre) and the external load (T) have an identical mathematical sign, which reminds that higher 6 

interfacial shear stresses are expected in PBR joints compared to a nonprestressed bonded 7 

reinforcement (at a known T); this might eventually lead to a lower ultimate capacity 8 

(debonding load) in PBR solutions.                    9 

3. Development of Mechanical Clamping System 10 

3.1. Design Basis 11 

A schematic cross-sectional view of the proposed mechanical clamping system is 12 

illustrated in Figure 3a. As the figure shows, the main idea of the system is to hold the 13 

prestressed CFRP plates on the steel substrate (the steel plate in this case) with the help of 14 

friction. Therefore, it is necessary to press the prestressed CFRP plates against the steel 15 

substrate using a set of prestressed bolts. As the system functions with friction, 3M
TM

 16 

diamond friction shims (3M Technical Ceramics GmbH, Germany) can be used between the 17 

CFRP plates and the steel substrate to increase the friction (see Section 4.3.1). Consequently, 18 

owing to insights about the static friction in the CFRP-diamond shim, and diamond shim-steel 19 

interfaces, the required prestressing force that should be provided by the prestressed bolts can 20 

be calculated for a target value of the axial stress in the CFRP plates (herein the tensile 21 

strength of the CFRP composite). 22 
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Owing to the bending deformation of the clamp plate upon fastening the prestressed 1 

bolts (see Figure 3b), it is clear that another mechanical part, called the hard plate, is needed 2 

to transfer the lateral compression force from the clamp to the CFRP plate through a more 3 

uniform distribution, σn, and avoid pinching it. The hard plates are toothed on the contact side 4 

with the CFRP and they have a hardness of HRC 58(-60) on the Rockwell scale. It is obvious 5 

that the fillet dimension of the hard plate (see Figure 3b) is one of the most important 6 

parameters affecting the contact stress distribution. Given the complexity of the system, a 7 

finite element (FE) simulation was performed to optimize the dimensions of the different 8 

mechanical components. 9 

3.2. Finite Element Simulation 10 

3.2.1. Model description 11 

Owing to the symmetry of the system, a finite element (FE) model of one fourth of the 12 

proposed mechanical clamping system was assembled in ABAQUS [36]. The FE model 13 

consisted of a CFRP plate (50 × 1.4 mm) pressed against the steel substrate via the 14 

mechanical clamp (see Figure 4a). All the steel components were modelled as an isotropic 15 

linear elastic material with an elastic modulus (Es) and Poisson’s ratio (νs) of 200 GPa and 16 

0.3, respectively. Although a unidirectional CFRP plate indeed exhibits anisotropy, it was also 17 

modelled as an isotropic linear elastic material with an elastic modulus (Ef) and Poisson’s 18 

ratio (νf) of 160 GPa, and 0.3, respectively, for the sake of simplicity. Indeed, the main 19 

intention of the FE simulation was to optimize the dimensions of the steel components and 20 

find out the required number and diameter of the prestressed bolts to provide enough friction 21 

force between the CFRP plate and the steel substrate; concerning the design of the clamp 22 

plates, the anisotropic behavior of the CFRP plate is deemed to have no significant influence 23 

on the FE results.  24 

A hard contact was used between the clamp plate, hard plate, CFRP, and the steel 25 

substrate in the normal direction. However, using the penalty formulation, an isotropic 26 
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tangential friction with a friction coefficient μs = 0.3 was introduced between the CFRP plate 1 

and the steel substrate in the transverse direction. The CFRP and the steel substrate were 2 

modelled using 8-node linear brick elements of type C3D8R with reduced integration and 3 

hourglass control, while the hard plate and the clamp were modelled using 10-node quadratic 4 

tetrahedron elements of type C3D10. The elements had an overall dimension of 5 

approximately 2 mm. 6 

In the first stage, a static uniform pressure of 396 MPa was introduced on the clamp 7 

plate over the contact area of the bolt head, which is a round area with outer and inner 8 

diameters of 20 and 13 mm, respectively (see Figure 4a) to simulate the prestressing force of 9 

72 kN per bolt. This force level is generated in M12 high-strength bolts upon fastening them 10 

with an allowable torque of 160 N·m. In the next stage, a uniform displacement-controlled 11 

loading was applied to the free edge of the CFRP plate to evaluate the anchorage capacity of 12 

the joint before slippage of the CFRP. As mentioned earlier, the FE model was generated to 13 

check the stresses in the clamp plate and optimize its thickness. Afterwards, a parametric 14 

study was performed to optimize the fillet dimension of the hard plate to obtain an 15 

approximately uniform contact pressure between the hard plate and the CFRP reinforcement. 16 

3.2.2. FE results 17 

Figure 4b shows the von Mises’ stresses in the FE model when the full bolts load is 18 

applied on the clamp plate, and the CFRP plate is pulled up to its tensile strength. It can be 19 

seen that by using 25 mm-thick clamp plates, manufactured from M200 steel with a nominal 20 

yield strength of σy = 1000 MPa, the maximum stress in the clamp plate is below 0.6σy.  21 

Figure 5a illustrates the effect of the hard plate fillet dimension (d) on the distribution of 22 

the contact pressure between the hard plate and the CFRP reinforcement. It can be seen from 23 

the figure that having no fillet results in a singular stress concentration on the CFRP edges, 24 

while there is no contact pressure in the middle width of the CFRP plate. The parametric 25 

study demonstrated that a fillet dimension of 10 mm with an inclination angle of 1.5° is the 26 
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optimal configuration for the hard plate to achieve a more uniform contact pressure on the 1 

CFRP plate. Note that round fillets with a radius of 2 mm were also considered in the 2 

longitudinal direction of the hard plates to avoid any undesired stress concentration.    3 

Using the FE model of the optimized mechanical clamps (obtained through the 4 

abovementioned parametric study), the stress–elongation response of the CFRP plate was 5 

estimated and is provided in Figure 5b. FE results presented in Figure 5b suggest that the 6 

proposed mechanical clamp is capable of carrying the entire tensile capacity of the CFRP 7 

plate (nominal value of σf,u = 2800 MPa) before any slippage of the clamp. It is obvious that 8 

the ultimate capacity of the proposed anchorage system is a function of the friction coefficient 9 

μs between the CFRP plate and the steel substrate. It has been demonstrated in [26] that μs ≥ 10 

0.3 can be expected by using diamond friction shims. Therefore, it may be concluded that by 11 

considering μs = 0.3, the ultimate capacity of the designed system, obtained from the FE 12 

modeling, is on the safe side. 13 

4. Experimental Verification 14 

4.1. Test Specimens 15 

Two sets of tensile tests were carried out in this study. First, a set of tensile tests was 16 

performed on the so-called clamp test specimens, as depicted in Figure 6a, to evaluate the 17 

ultimate capacity and fatigue performance of the proposed mechanical clamping system for 18 

the fatigue strengthening of tensile steel members. Secondly, the performance of the proposed 19 

mechanical clamping system was compared to that of the conventional adhesively bonded 20 

solutions through a series of static tensile tests.    21 

The second set of the experiments consisted of six static tensile tests on steel plates with 22 

overall dimensions of 1100 × 150 × 10 mm (length × width × thickness) as follows: one 23 

unstrengthened steel plate as the reference specimen depicted in Figure 6b; two steel plates 24 

strengthened with nonprestressed bonded CFRP reinforcement with normal modulus (NM) 25 
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and ultra-high modulus (UHM) of elasticity, hereafter called specimens NPBR-NM and 1 

NPBR-UHM, respectively (see dimensions in Figure 6c); one steel plate with the same 2 

configuration as that depicted in Figure 6c, strengthened with prestressed bonded NM CFRP 3 

reinforcements, hereafter called specimen PBR-NM; and two steel plate specimens as 4 

illustrated in Figure 6d strengthened with the proposed mechanical clamping system, one with 5 

nonprestressed NM CFRPs (hereafter called NPUR-NM) and the other one with prestressed 6 

NM CFRPs (hereafter called PUR-NM). It is worth mentioning that, because of the brittle 7 

nature and relatively low tensile strength of the UHM CFRP plates, it is almost impractical to 8 

clamp and/or prestress such composites [18,24]. Therefore, UHM CFRP plates were only used 9 

as a nonprestressed bonded solution (NPBR-UHM) and no other configuration (such as PBR-10 

UHM, NPUR-UHM, and PUR-UHM) was included in the test layout.  11 

Several electrical foil strain gauges were mounted on all the specimens to monitor the 12 

strain levels in the CFRP plates and steel substrate during the static and fatigue tests. Strain 13 

gauges of type 1-LY61-6/120 and 1-LY66-6/120 (HBM AG, Germany) with an electrical 14 

resistance of 120Ω ± 0.30% were mounted at mid-length of the steel and CFRP plates, 15 

respectively (see Figure 6 for the strain gauges’ locations). 16 

4.2. Material Properties 17 

With the exception of the mechanical components of the proposed clamping system, 18 

which were made from high strength M200 steel, the utilized steel plates in all the 19 

experiments were of type S355J2+C with a nominal yield strength of 355 MPa. The Young’s 20 

modulus of the steel (Es) was determined as 200.9 GPa. Moreover, unidirectional UHM CFRP 21 

plates of type Carbolam THM 450-50×1.2 were used in specimen NPBR-UHM, while 22 

unidirectional NM CFRP plates of type S&P 150/2000 were used for the strengthening of the 23 

other steel plate specimens. The mechanical properties of the CFRP plates are provided in 24 

Table 1. 25 
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In the specimens strengthened using adhesively bonded CFRP reinforcements, a two-1 

component epoxy adhesive, Araldite 420 A/B, was used. Sets of auxiliary tests were 2 

conducted on room-temperature cured samples to characterize the tensile properties and glass 3 

transition temperature (Tg) of the aforementioned adhesive. Table 2 summarizes the 4 

experimental results of these sets of auxiliary tests on the epoxy adhesive. Further details 5 

regarding these material characteristic tests can be found in [37]. Note that no auxiliary test 6 

was performed to determine the shear modulus of the adhesive as part of the present study; 7 

however, Ga = 730 MPa was used in the analytical model based on the manufacturer’s 8 

catalogue for room-temperature applications. 9 

4.3. CFRP Strengthening Procedure 10 

4.3.1. Nonprestressed reinforcement  11 

In order to strengthen the steel plate specimens using nonprestressed bonded CFRP 12 

plates, the bond area was first sand-blasted and carefully cleaned with acetone. CFRP plates 13 

were then glued on each side of the prepared steel surfaces using the two-component epoxy 14 

adhesive to realize the final configuration depicted in Figure 6c. The specimens were then 15 

cured at room temperature for six days before testing. On the other hand, strengthening of the 16 

steel plates using the mechanical unbonded clamps was much faster, as the clamps work 17 

based on friction, and neither surface preparation of the steel plate nor curing for the adhesive 18 

was required.  19 

Different components of the proposed mechanical clamping system are illustrated in 20 

Figure 7a. In total eight high strength bolts were used in each of the clamp sets, and they were 21 

tightened with a torque of 160 N·m. Therefore, specimen NPUR-NM was easily prepared by 22 

putting different components of the mechanical clamping system together and tightening the 23 

M12 bolts of each clamp set, which tied the CFRP plates to the steel substrate. As previously 24 

mentioned, 3M
TM

 diamond friction shim was used between the CFRP and steel to increase the 25 
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CFRP-steel interface friction. Figure 7b illustrates an SEM image of the nickel-diamond 1 

coating on the 3M
TM

 friction shim.  2 

4.3.2. Prestressed reinforcement 3 

To strengthen the steel plate specimens with prestressed bonded and unbonded CFRP 4 

reinforcements (specimens PBR-NM and PUR-NM), a special prestressing setup was 5 

designed and assembled at the Structural Engineering Research Laboratory of Empa to 6 

simultaneously prestress two parallel CFRP plates (Figure 8). The distance between the two 7 

CFRPs was accurately kept at 10.40 mm using high strength steel cubes in the prestressing 8 

grips. CFRP plates were prestressed up to a total load level of 120 kN (approx. 30% of the 9 

tensile strength of the composite) using a hollow plunger hydraulic cylinder. The total 10 

prestressing load and the prestrain level in CFRP plates were monitored using a 300 kN load 11 

cell and the strain gauges mounted on the CFRPs, respectively.  12 

Upon reaching the desired prestressing force in the CFRP plates of specimen PBR-NM, 13 

the epoxy adhesive was applied to the sand-blasted steel surfaces and the specimen was 14 

placed in between the CFRP plates. The prestressing force was kept constant for 6 days, and 15 

afterwards gradually released to zero. By contrast, as can be seen in Figure 9, the entire 16 

prestress and release process for specimen PUR-NM was completed in less than one hour 17 

owing to the fact that after prestressing, the CFRP plates were immediately anchored to the 18 

steel substrate using the newly developed mechanical clamping system. After tightening the 19 

prestressed bolts, the prestressing load was gradually decreased to zero. This resulted in a 20 

slight decrease in the prestrain level of the CFRP reinforcements owing to the compressive 21 

deformation of the steel substrate (see Figure 9). At this state, the average compressive strain 22 

on both sides of the steel plate was 368 μm/m, which corresponds to a compressive stress of 23 

73.9 MPa. Next, the CFRP plates were cut from both extremities to realize the configuration 24 

depicted in Figure 6d. The prestressed specimens were then taken to the tensile testing 25 

machine. 26 
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4.4. Static and Fatigue Test Setup 1 

A 1-MN static/fatigue servo-hydraulic Schenck machine with an Instron controller was 2 

used to perform the static and fatigue tensile tests. Figure 10a shows the test setup and the 3 

instrumentation used to monitor the specimens during static and fatigue testing. All the static 4 

tests were performed under displacement-controlled conditions at a speed of 1 mm/min, 5 

which was intentionally kept lower than the general recommendation provided in DIN EN 6 

ISO 6892-1 [38], in order to avoid any probable undesired strain dependency effects on the 7 

performance of the adhesively bonded reinforcements. The fatigue test on the mechanical 8 

clamping system (Figure 6a) was performed under load-controlled conditions with a load ratio 9 

(R = Tmin/Tmax) of 0.9, and a frequency of 15 Hz. The maximum load level (Tmax) during the 10 

fatigue test was equal to 124 kN, which corresponded to 32% of the nominal tensile strength 11 

of the utilized CFRP. It should be noted here that a range of R = 0.1–0.3 is deemed 12 

representative of the practical fatigue load ratio range experienced by most of the fatigue-13 

prone members in metallic bridges (see for example [28]). Assuming R = 0.2 for a tensile 14 

metallic member which needs to be strengthened, the load ratio experienced by the 15 

prestressed CFRP reinforcements (the developed PUR system) can be estimated 16 

approximately as R = 0.9 using the analytical model proposed in Section 2.1 (for the specific 17 

configuration given in Figure 6d). Consequently, to simulate the real stress state, experienced 18 

by the proposed mechanical clamping system, a relatively high load ratio (i.e., R = 0.9 in this 19 

case) was incorporated in the fatigue test.      20 

5. Results and Discussion 21 

5.1. Static and Fatigue Tests on the Proposed Mechanical Clamping System 22 

Figure 10b illustrates the load–deformation response of the three clamp test specimens, 23 

monotonically loaded until failure. It can be seen in the figure that when double-sided sand 24 

paper was used between the CFRP plate and the steel substrate, the friction joint behaved 25 

relatively softer, while at 60% of the CFRP tensile strength, the stiffness of the joint dropped 26 
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to almost zero and the unstable slippage of the system occurred. On the other hand, when 1 

diamond friction shims were used to increase the interface friction of the CFRP-steel joint, no 2 

reduction in the joint stiffness or slippage of the clamps was observed until the tensile rupture 3 

of the CFRP plates occurred. 4 

In order to investigate the fatigue performance of the proposed mechanical clamping 5 

system, the third clamp test specimen was first subjected to 10 million fatigue cycles with 6 

Tmax = 124 kN and R = 0.9. Afterwards, a monotonic loading was applied on the specimen 7 

until the ultimate strength of the CFRP plates was reached. The experimental results provided 8 

in Figure 10b demonstrate that the proposed mechanical clamping system is capable of 9 

transferring the entire tensile capacity of the CFRP plates to the steel substrate, even after 10 

experiencing 10 million fatigue cycles. 11 

 The maximum bending strain generated in the mechanical clamps is plotted against the 12 

applied torque on the eight M12 (grade 12.9) bolts of the system in Figure 11a. It can be seen 13 

in the figure that the maximum bending strain, generated in the clamp plates at the allowable 14 

torque of 160 N·m, was approximately equal to 3000 μm/m which corresponded to a 15 

maximum bending stress of almost 600 MPa (considering Es = 200 GPa). This stress level is 16 

equal to 0.6σy, i.e., the allowable stress limit which was initially considered to design the 17 

clamp plate. Consequently, a comparison of the experimental values provided in Figure 11a 18 

with the FE results presented in Figure 4 reveals that a good correlation exists between the 19 

experimental and FE results in terms of the maximum bending stress in the clamp plates (see 20 

Section 3.2.2).  21 

The maximum strain levels in the clamp plates were monitored during the 10 million 22 

fatigue cycles, and their evolution with respect to the elapsed fatigue cycles are provided in 23 

Figure 11b. The figure reveals that the maximum bending strain in the clamp plates was 24 

slightly reduced by approximately 1.5% over 10 million fatigue cycles, which indirectly 25 

indicates that the prestressing force in the M12 bolts was reduced by almost 1.5%. This is 26 
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believed to be due to the creep of the composite matrix in the transverse direction, while this 1 

level of prestress loss in the bolts over 10 million fatigue cycles is deemed acceptable for the 2 

proposed mechanical clamping system.   3 

5.2. Static Tests on CFRP-Strengthened Steel Plates 4 

Load–strain responses of all the specimens, tested under uniaxial monotonic loading in 5 

the second sets of the experiments are plotted in Figure 12, while the results are summarized 6 

in Table 3. As stated earlier, fatigue strengthening of metallic members is the main focus of 7 

the current study. Therefore, all the specimens were subjected to uniaxial tensile loads equal 8 

to 300 kN, which corresponded to approximately 0.5σy in the bare (unstrengthened) steel, and 9 

therefore can fairly represent the high-cycle fatigue problem in such steel members [15].  10 

Figure 12 illustrates that strengthening of the steel plate specimens using nonprestressed 11 

bonded or unbonded CFRP reinforcements slightly increased the stiffness of the member 12 

within the strengthened length, while this stiffness improvement is almost identical for the 13 

case of bonded and unbonded solutions. As expected, utilizing nonprestressed bonded UHM 14 

CFRP reinforcements further improved the stiffness of the steel member as the strain in the 15 

mid-length of the steel plate at T = 300 kN was reduced by 16.3% compared to the reference 16 

unstrengthened specimen. 17 

Figure 12 obviously shows the great advantage of using prestressed CFRP 18 

reinforcements to reduce the tensile strain level in the steel substrate under external loading. 19 

However, the two prestressed bonded CFRP plates in specimen PBR-NM were debonded 20 

from the steel substrate at relatively very low levels of the external tensile load, T = 50 and 21 

153 kN, respectively. As can be seen in Figure 12, the brittle debonding failure started at the 22 

extremity of the prestressed CFRP reinforcements and rapidly propagated towards the mid-23 

length of the specimen. Debonding in this case is generally attributed to the fact that prestress 24 

force release generated considerable interfacial shear stresses in the CFRP end zones [20,21]. 25 

The external tensile loading on the CFRP-steel joint then increased the accumulated 26 
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interfacial shear stresses, which resulted in the debonding failure of the prestressed CFRP 1 

reinforcement at the critical external load level. This experimental observation is in 2 

accordance with the interpretation provided at the end of Section 2.2. By contrast, the 3 

developed mechanical clamping system, used to strengthen specimen PUR-NM, could carry 4 

the prestressing force up to the end of loading procedure; the system experienced no slippage 5 

(see Figure 12). 6 

Load–strain behavior of the strengthened specimens was predicted by the proposed 7 

analytical models (presented in Section 2), and the predictions are also plotted in Figure 12 8 

for comparison purposes. As the load–strain responses of the tested specimens (illustrated in 9 

Figure 12) were directly obtained from the experiments, the analytical formulations of the 10 

stress in the steel substrate, presented in Section 2 (i.e., Eq. (1) for the case of unbonded, and 11 

Eq. (15) for the case of bonded reinforcements), were translated into strain functions using 12 

Hooke’s law. Note that in Eqs.(1) and (15), y = 0 was incorporated, owing to the fact that the 13 

strain gauges were installed at mid-length of the steel specimens (see Figure 6) as the state of 14 

stresses at this location of the strengthened plates was the most interesting.           15 

It can be concluded from Figure 12 that the proposed analytical models are capable of 16 

accurately predicting the behavior of non-prestressed and prestressed CFRP-strengthened 17 

steel plates, both in the case of bonded and unbonded solutions. As mentioned earlier, linear-18 

elastic behavior of all the individual elements of the joint (i.e. steel, CFRP, and adhesive) is 19 

the main assumption of the developed analytical models. This assumption, however, applies 20 

when fatigue strengthening of existing metallic members is of interest. 21 

Figure 13 shows the efficiency of the different strengthening solutions utilized in this 22 

study in terms of strain reduction in the steel substrate compared to the reference 23 

unstrengthened specimen at T = 300 kN. It can be concluded from the figure that the efficacy 24 

of having relatively high prestressing forces in the NM CFRP reinforcements is much higher 25 

than the stiffness improvement obtained by using UHM CFRPs. This is important when 26 



19 

 

fatigue crack prevention or fatigue crack arrest is of interest in metallic members, given that 1 

in practical strengthening projects the application of UHM CFRP materials may be much 2 

more expensive than using the proposed PUR system. 3 

6. Conclusions and Recommendations 4 

Based on the analytical modeling and experimental test results, provided in the current 5 

study, the following conclusions can be drawn: 6 

  Sets of static and fatigue tests, performed on the proposed mechanical clamping 7 

system, revealed that the proposed unbonded friction-based system is capable of 8 

transferring the entire tensile capacity of the CFRP plates to the steel substrate, even 9 

after experiencing 10 million fatigue cycles. Further experimental tests on the steel plate 10 

specimens strengthened with the proposed PUR system confirmed the high performance 11 

of the system, as no slippage/failure was observed. 12 

  Uniaxial tensile tests were performed on the reference unstrengthened and CFRP-13 

strengthened steel plates up to approximately 0.5σy in the bare steel, which indeed 14 

represents the maximum stress level experienced by structural metallic members in 15 

high-cycle fatigue regime. Experimental results demonstrated that the use of 16 

nonprestressed bonded/unbonded CFRP reinforcements can slightly enhance the 17 

stiffness of the member within the strengthened length; this stiffness improvement is 18 

almost identical for the case of bonded and unbonded solutions.  19 

 Static test results on CFRP-strengthened steel plates revealed that the efficacy of having 20 

relatively high prestressing forces in the NM CFRP reinforcements is much higher than 21 

the stiffness enhancement obtained by using UHM CFRPs. This conclusion can be 22 

certainly important when fatigue strengthening of existing metallic members is of 23 

interest, owing to the fact that in practical strengthening projects application of UHM 24 

CFRP materials can be much more expensive than using the proposed PUR system. 25 
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Although application of prestressed UHM CFRP plates could be an idealized solution 1 

for fatigue strengthening of metallic members, the brittle nature of the UHM CFRP 2 

composites makes their practical prestressing solutions almost impossible. 3 

 Experimental results of the current study showed that even though adhesively bonded 4 

CFRPs can transfer certain levels of prestressing force to the steel substrate, the 5 

available bond capacity of the PBRs is relatively low for carrying the external loads on 6 

the strengthened member. More research would be needed to further investigate the 7 

bond behavior and debonding capacity of PBR solutions, in particular to better realize 8 

the coupled effects of moderately high service temperatures, creep, and fatigue. 9 

 A very good correlation was observed between the experimental test results of the 10 

CFRP-strengthened steel plates and the predictions of the proposed simple analytical 11 

models. The models can be used to estimate the stress levels in the CFRP-strengthened 12 

tensile steel members subjected to temperature change and external loading in the 13 

elastic regime for both adhesively bonded and mechanically clamped CFRP plates. The 14 

analytical models also take into account the prestrain level in the CFRP reinforcements. 15 

 Owing to the advantages of the proposed PUR system including its fast application, 16 

elimination of any surface preparation and adhesive curing procedure, high performance 17 

of the system in terms of prestressing levels, and insensitivity of the proposed system to 18 

high service temperatures, the PUR system can be used as a better alternative to the 19 

conventional adhesively bonded solutions for static and/or fatigue strengthening of 20 

existing tensile metallic members. 21 

 The mechanical clamping system, developed in this study, was designed to clamp a pair 22 

of prestressed CFRP plates (i.e., one reinforcement plate on each side of the steel 23 

substrate). Nevertheless, in practical applications, the prestressing force that is provided 24 

by a pair of CFRP plates might not be sufficient to prevent fatigue crack initiation or to 25 

arrest the propagation of an existing fatigue crack. In such cases, several sets of the 26 
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proposed PUR system can be used in parallel, if possible. Alternatively, similar 1 

mechanical clamping systems, capable of holding multiple prestressed CFRP plates, 2 

need to be developed. It is believed that the knowledge and the understanding which has 3 

been gained through this work would certainly help to design such mechanical clamping 4 

systems. It is also worth noting that the abovementioned concluding remarks are based 5 

on limited sets of experimental tests, while a more comprehensive test layout with 6 

statistically sufficient test repetition has to be performed in future research studies in 7 

order to provide a reliable probabilistic basis and determine proper partial safety factor 8 

values.  9 
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Table 1. Mechanical properties of CFRP plates in the fibers’ direction. 1 

Material Type 
Nominal tensile strength 

(MPa) 

Elastic modulus 

(GPa) 

NM CFRP S&P 150/2000-50/1.4 2800 156 [33] 

UHM CFRP THM 450-50 × 1.2 1200 435 [24] 

NM = normal modulus; UHM = ultra-high modulus 

 2 

 3 

 4 

 5 

Table 2. Nominal average tensile strength, σa,u, strain at rupture, εa,u, elastic modulus, Ea, and glass 6 

transition temperatures for the utilized epoxy adhesive. 7 

Type of test Number of 

tested samples 

Age of sample 

(d) 

 σa,u 

(MPa) 

εa,u 

(%) 

Ea 

(GPa) 

To 

(°C) 

Ti 

(°C) 

Uniaxial tensile 6 7 24.6 9.28 1.68 - - 

DMTA 3 28 - - - 41.4 46.8 

DMTA = dynamic mechanical thermal analysis 

To = glass transition temperature corresponding to the onset point of the stiffness decrease of the dynamic 

modulus, E´ 

Ti = glass transition temperature corresponding to the inflation point of the E´–T diagram 

 8 

 9 

 10 

 11 

Table 3. Static test specimens’ description and test results. 12 

Test 

No. 
Specimen label 

Total prestressing 

force (kN) 

Maximum strain in steel 

at T = 300 kN (μm/m) 

Strain reduction in steel compare with 

reference specimen at T = 300 kN (%)  

1 Reference - 995 - 

2 NPBR-NM - 931 6.4 

3 NPUR-NM - 925 7.0 

4 NPBR-UHM - 833 16.3 

5 PBR-NM 120 Debonding failure N.A. 

6 PUR-NM 120 547 45.0 

NPBR = nonprestressed bonded reinforcement; PUR = prestressed unbonded reinforcement 

NPUR = nonprestressed unbonded reinforcement; NM = normal modulus 

PBR = prestressed bonded reinforcement; UHM = ultra-high modulus 

  13 
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(a) 

 
(b) 

Figure 1. Schematic view of: (a) prestressed unbonded reinforcement (PUR) and (b) prestressed 1 

bonded reinforcement (PBR). 2 
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 12 

Figure 2. Free body diagram and force equilibrium in a finite element of a prestressed bonded CFRP-13 

strengthened steel plate.  14 
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 1 

Figure 3. Schematic of proposed mechanical clamping system: (a) cross-sectional view; (b) stress 2 

transfer between different components. 3 
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(a) 

 
(b) 

Figure 4. (a) Optimized dimensions used in the finite element simulation (all dimensions are in mm); 1 

(b) von Mises’ stresses in the proposed mechanical clamping system when subjected to the allowable 2 

bolts load and CFRP tensile strength. 3 

  4 
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(a) 

 

(b) 

Figure 5. FE results: (a) effect of fillet dimension on distribution of contact pressure (d = fillet 1 

dimension); (b) ultimate capacity of joint before slippage of mechanical clamp.  2 
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 1 

Figure 6. Dimensions of different test specimens and locations of the mounted strain gauges (all 2 

dimensions are in mm): (a) clamp test; (b) reference; (c) NPBR-NM, NPBR-UHM, and PBR-NM; (d) 3 

NPUR-NM, and PUR-NM.  4 

Foil strain gauge – dimensions (width × length) = 6.3 × 16 mm

(a) (b) (c) (d)
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(a) 

 

(b) 

Figure 7. (a) Different components of proposed mechanical clamping system; (b) SEM image of 1 

nickel-diamond coating on 3M
TM

 friction shim (SEM performed at Empa).  2 
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 1 

Figure 8. Prestressing setup. 2 
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 12 

Figure 9. Strain history of steel and CFRP plates in PUR-NM specimen during prestress and release 13 

process.  14 
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(a) (b) 

Figure 10. (a) Test setup for static and fatigue experiments; (b) load–displacement response of clamp 1 

test specimens.  2 
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(a) 

 
(b) 

Figure 11. (a) Maximum bending strain in clamp plates versus applied torque; (b) evolution of 1 

maximum bending strain in mechanical clamps with respect to fatigue cycles.  2 
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 1 

Figure 12. Load–strain response of tested specimens and model predictions. 2 
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 12 

Figure 13. Efficiency of different strengthening solutions in terms of strain reduction in steel 13 

compared with reference specimen at T = 300 kN. 14 
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