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Abstract ϴ 

This paper presents an experimental study aimed at investigating the long-term tension stiffening and flexural ϵ 

behaviour of concrete elements reinforced with glass fibre reinforced polymer (GFRP) bars subjected to ϭϬ 

accelerated aging conditions. Six tension stiffening specimens and eight small-scale GFRP RC beams were ϭϭ 

exposed to different environments and sustained stress levels for 120 and 270 days, respectively. Subsequently, ϭϮ 

the specimens were tested to failure and their behaviour was compared to that of reference specimens. The test ϭϯ 

results revealed that stressed specimens conditioned in a wet environment experienced a reduction in tension ϭϰ 

stiffening response as a result of bond degradation and a reduced stress transfer from the bar to the surrounding ϭϱ 

concrete. The results also indicate that the accelerated aging conditions affected the overall flexural behaviour ϭϲ 

and led to higher deflections and larger crack widths. The long-term deformation of elements subjected to a ϭϳ 

stress level representing typical in-service conditions, however, always complied with the design limits ϭϴ 

suggested by current guidelines. Higher imposed loads (inducing maximum strain level in the reinforcement of ϭϵ 

about 5000ȝİ) led to both deflections and crack widths in excess of the values recommended at serviceability ϮϬ 

limit state. Finally, the response of the tested specimens is compared to that predicted according to fib Model Ϯϭ 

Code 2010 and Eurocode 2 and it is shown that both models fail to capture adequately the long-term structural ϮϮ 

behaviour of stressed GFRP RC specimens conditioned in wet environment. Ϯϯ 
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1 Introduction ϯϰ 

The use of fibre reinforced polymer (FRP) bars, and in particular glass FRP (GFRP), as reinforcement in ϯϱ 

concrete structures to address corrosion-related issues is receiving a great deal of attention and a significant ϯϲ 

growth in field applications has been recorded in the past few years [1-4]. Despite being recognised as durable ϯϳ 

reinforcement, however, the work conducted in the past three decades has focused mainly on the short-term ϯϴ 

behaviour of FRP RC elements [5-12], and very few studies have investigated their long-term structural ϯϵ 

performance [13-15]. The limited experimental research on this topic, which is often inconclusive, is inadequate ϰϬ 

to demonstrate the long-term potential benefits of this new class of reinforcement. Experience from field studies ϰϭ 

is also limited due to the relatively young age of existing field applications. Thus, understanding the long-term ϰϮ 

performance of FRP RC elements at both serviceability and ultimate limit states is key to enable an optimal and ϰϯ 

safe design of more sustainable structures and infrastructure. Current design procedures and guidelines for FRP ϰϰ 

RC elements rely heavily on the outcome of short-term studies [16-19], hence their validity in predicting long-ϰϱ 

term performance needs to be carefully assessed, especially in terms of service conditions, which often govern ϰϲ 

the design. ϰϳ 

Researchers have suggested modifications to Branson’s equation to account for the relative low stiffness of FRP ϰϴ 

reinforcement on the effective moment of inertia when calculating short-term deflections of FRP RC elements ϰϵ 

[7-10,17], or have proposed modifications on the basis of observations on the more fundamental tension ϱϬ 

stiffening behaviour [11,20-23]. These different approaches have been implemented in current design guidelines ϱϭ 

for FRP RC (e.g. [24-27]) but have been shown to overestimate tension stiffening and underestimate deflections ϱϮ 

[28,29]. In addition, there is very limited research examining long-term tension stiffening response [e.g. 30], and ϱϯ 

no studies have been reported on the combined effects of severe environmental exposure and loading conditions ϱϰ 

on the long-term tension stiffening and flexural behaviour of GFRP RC members. ϱϱ 

Exposure to different chemical environments, moisture, elevated temperatures or temperature variations can all ϱϲ 

cause degradation of the resin-rich outer layer, thus affecting the bond between bar and concrete, and affect ϱϳ 

adversely the bond between fibres and resin in the reinforcing bars [31]. Exposure to ordinary temperature ϱϴ 

cycles can also lead to bond degradation due to the difference in thermal expansion between the bar and the ϱϵ 

concrete [32]. All of these environmental conditions would cause a reduction in tension stiffening and affect the ϲϬ 

performance of GFRP RC members in bending. ϲϭ 

This paper presents part of a multi-scale experimental programme that is aimed to provide a better ϲϮ 

understanding of the durability of GFRP bars in concrete. Accelerated tests on small and medium-scale bare bar ϲϯ 
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specimens [31,33] were complemented by accelerated tests on GFRP RC tension ties and small scale beams to ϲϰ 

examine the long-term bond and flexural behaviour of GFRP RC members under service conditions. Two ϲϱ 

different levels of sustained stress were considered in this study: 1) a stress inducing a level of strain in the FRP ϲϲ 

bar equivalent to 3000 ȝİ to generate a state of stress in the concrete surrounding the bars that is typical of ϲϳ 

prescribed service conditions; 2) a stress level inducing a level of strain in the FRP bar equivalent to 5000ȝİ to ϲϴ 

initiate greater damage in the surrounding concrete and promote a higher degradation rate. ϲϵ 

Test results presented in this paper are used to assess the performance of existing tension stiffening models and ϳϬ 

predict the flexural behaviour of GFRP RC members. The outcome of this study will provide important insights ϳϭ 

into the durability of FRP bars in concrete and inform the development of more reliable design equations to ϳϮ 

predict the long-term behaviour of FRP RC elements under service conditions, in terms of both deflections and ϳϯ 

crack width. ϳϰ 

 ϳϱ 

2 Experimental test programme ϳϲ 

This study is part of an extensive experimental programme carried out at the University of Sheffield that aims to ϳϳ 

examine the durability of GFRP bars in concrete members [31, 33]. Typical environmental conditions known to ϳϴ 

accelerate the degradation processes of GFRP bars in concrete structures were examined in this study, along ϳϵ 

with the application of given levels of sustained stress. A maximum temperature of 60°C was chosen based on ϴϬ 

tests recommended in different standards and employed in previous research [25, 34-36]. This level of ϴϭ 

temperature was found to be high enough to accelerate the degradation of the mechanical properties of the bars, ϴϮ 

yet still below the glass transition temperature expected for typical pultruded GFRP reinforcement. The length ϴϯ 

of exposure was also chosen on the basis of previous research employing accelerated tests and it was found to be ϴϰ 

appropriate to enable the onset and stabilisation of the main degradation processes [35, 36]. Six tension ϴϱ 

stiffening specimens (TS) and eight simply supported small-scale GFRP RC beams (BM) were exposed to ϴϲ 

different environments and sustained stress levels and load tested to study their long-term performance. The ϴϳ 

specimens are designated according to the format XX.ttt.TT°C.E.SS, where XX denotes the specimen typology, ϴϴ 

ttt, TT°C and E are the exposure time, temperature and environment(a=air, W= tap water), respectively, while ϴϵ 

SS represents the loading condition. For example, TS.120.60°C.W.3k is a tension stiffening specimen, exposed  ϵϬ 

to water at 60°C with a sustained load inducing 3000ȝİ in the reinforcement for 120 days. ϵϭ 
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Tension stiffening specimens were square in cross-section (100 x 100 mm) and 1100 mm long with an effective ϵϮ 

bond length, lc, of 500 mm (Fig. 1). After casting, these specimens were cured in water at 20°C to minimise the ϵϯ 

effects of drying shrinkage on the tension stiffening behaviour.  ϵϰ 

All RC beams were 110 mm wide, 150 mm deep and 1200 mm long, with a clear span of 1000 mm (Fig. 2). The ϵϱ 

longitudinal reinforcement consisted of two ribbed GFRP bars in tension and two sand coated basalt FRP ϵϲ 

(BFRP) bars in compression (Fig. 3). The GFRP bars used in this research were made of continuous ϵϳ 

longitudinal glass fibres impregnated in vinyl ester resin with a glass fibre content of 75% by weight [12], ϵϴ 

whereas the BFRP bars were produced using a vinyl ester  resin matrix with an estimated 75% fibre volume ϵϵ 

fraction [37]. Both bars were manufactured using a pultrusion process and had a nominal diameter of 8mm and ϭϬϬ 

3mm respectively.  The BFRP bars were mainly used to ease the building of the cages, and their contribution to ϭϬϭ 

ultimate capacity and overall structural behaviour can be considered to be negligible, yet resulting in a ϭϬϮ 

completely non-metallic reinforcing solution. Closed GFRP shear links with a rectangular cross section of ϭϬϯ 

4x10mm  were used as shear reinforcement over the shear spans (equally spaced at 100 mm), while steel stirrups ϭϬϰ 

were placed in proximity of both supports and loading points to prevent local crushing of concrete. No stirrups ϭϬϱ 

were provided in the pure bending zone. ϭϬϲ 

Beams and tension stiffening specimens were cast in separate batches using the same mix design consisting of ϭϬϳ 

358 kg/m3 of cement type CEM I, 1000 kg/m3 of coarse aggregate with a maximum size of 10 mm, 817 kg/m3 ϭϬϴ 

of sand and a water/ cement ratio of 0.63 and 0.53, respectively. The average mechanical properties of the ϭϬϵ 

concrete used in this study are summarized in Table1 in terms of compressive strength, splitting tensile strength ϭϭϬ 

and modulus of elasticity, each determined by testing three samples and  according to BS EN 12390-1, ASTM ϭϭϭ 

C496 and ASTM C469 [38-40], respectively͘ Concrete cubes and cylinders were cured under the same ϭϭϮ 

conditions as the test specimens (i.e., TS, BM) and tested on the same day as the corresponding specimens. It ϭϭϯ 

can be seen that a prolonged exposure to high temperature and high moisture levels can cause degradation in the ϭϭϰ 

concrete mechanical properties. This was also observed in previous studies (e.g. [41]). Ribbed GFRP bars with a ϭϭϱ 

nominal diameter of 8 mm were utilized in this study as tensile reinforcement for both TS and BM specimens. ϭϭϲ 

Table 2 summarizes the average values and associated standard deviations of the rupture tensile strength, ffu, the ϭϭϳ 

modulus of elasticity, Ef, and the maximum strain, εfu, as obtained from uniaxial tension tests carried out on five ϭϭϴ 

samples according to ACI 440.3R-04 [34]. Nominal manufacturer values, when available, are provided in ϭϭϵ 

brackets.  ϭϮϬ 
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The complete test matrix is presented in Table 3. Two replicate reference beams were unconditioned and ϭϮϭ 

unstressed. The remaining six beams were clamped in pairs back to back using an external rigid fixture ϭϮϮ 

consisting of transverse steel bolts and steel springs sandwiched between two steel plates as shown in (Fig. 4.-ϭϮϯ 

a). The desired sustained load was imposed by compressing the springs of a predetermined amount. A sustained ϭϮϰ 

stress inducing a tensile strain of 3000 ȝİ was selected as recommended by SLS design code provisions [24], ϭϮϱ 

while a higher stress inducing a strain of 5000 ȝİ was examined to assess the effect of less stringent ϭϮϲ 

serviceability limits. Beam specimens including ‘W’ in their designation were submerged in tap water at 60°C ϭϮϳ 

for 270 days to accelerate aging. During the conditioning period, the mid-span deformation of the beams was ϭϮϴ 

measured periodically using a caliper and demec gauge system. The crack width was measured using a hand-ϭϮϵ 

held microscope with a precision of 0.02 mm, whilst the sustained strain in the reinforcement was monitoring ϭϯϬ 

using strain gauges installed on each of the GFRP bars at mid-span.  ϭϯϭ 

As for the TS specimens, two replicate specimens were tested as reference, while the remaining were ϭϯϮ 

conditioned at 60°C and 100% relative humidity (RH) for 120 days. Two of these specimens were also stressed ϭϯϯ 

inducing a strain level of approximately 3000ȝİ in the reinforcement. The desired level of tensile strain in the ϭϯϰ 

TS specimens was applied via a spring of adequate stiffness mounted in a stiff pre-tensioning rig as shown in ϭϯϱ 

(Fig. 4-b). ϭϯϲ 

 ϭϯϳ 

2.1 Tension stiffening specimens  ϭϯϴ 

The TS specimens were tested with the setup shown in Fig. 5 using a 1,000 kN ESH universal testing machine ϭϯϵ 

in displacement control, monitored through the internal transducer of the actuator, at a rate of 1 mm/min. ϭϰϬ 

Precautions were taken to avoid crushing of the bars in the machine grips. In particular, two threaded steel bars ϭϰϭ 

were drilled axially to obtain a hole in the longitudinal direction sufficiently large to accommodate the GFRP ϭϰϮ 

bar. These fixtures were mounted at both ends of the GFRP bars and bonded using epoxy resin. Each threaded ϭϰϯ 

steel bars was then embedded in two steel profiles and gripped in the machine (Fig. 5. A-A). Fig. 5 also ϭϰϰ 

illustrates the layout of the potentiometers (P1 to P6) used to measure the average concrete deformation (P1 and ϭϰϱ 

P2, dcconcrete) and the average slip between the GFRP bar and the top (P3 and P4, dsslip,top) and bottom (P5 and ϭϰϲ 

P6, dsslip,bottom) surfaces of the concrete prism. Potentiometers P1 and P2 were placed on two slider joints bolted ϭϰϳ 

to the steel plates at both ends of the concrete prism, while potentiometers P3 to P6 were mounted on a plastic ϭϰϴ 
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collar coaxial to the GFRP bar and fixed to it with three equally-spaced screws at distance dfe from the end ϭϰϵ 

surfaces of the concrete prism. ϭϱϬ 

In addition, deformations, crack width and spacing on a third face of the specimens were monitored using ϭϱϭ 

Digital Image Correlation (3D-DIC) to gain additional insights into the initiation and development of bond ϭϱϮ 

degradation. DIC is a contactless measuring technique for determining full-field deformations on the surface of ϭϱϯ 

an object under loading [42]. In this study, images were acquired with two CMOS digital cameras having a ϭϱϰ 

4272×2848 pixel resolution (Canon EOS 1100D) and equipped with zoom lenses with F-number and focal ϭϱϱ 

length of 5.6 and 25 mm, respectively (Canon EF-S 18-55mm f/3.5-5.6 IS II). The cameras were rigidly ϭϱϲ 

connected 430 mm apart and mounted on a tripod. The stereo-vision system was positioned at 700 mm from the ϭϱϳ 

specimen. A light-emitting diode (LED) lamp was used to illuminate the measurement surface. During the test, ϭϱϴ 

the shutter was triggered remotely every 10 seconds by the data acquisition system in order to synchronize the ϭϱϵ 

images with point-wise transducers readings. The measured surface was smoothed and whitewashed to create a ϭϲϬ 

light background. A black speckle pattern was then spray-painted using a flexible stainless steel stencil. The ϭϲϭ 

target diameter of the speckles was approximately 1 mm in order to ensure an optimal speckle size of 4.5 pixels ϭϲϮ 

[43,44] ϭϲϯ 

The measurements obtained from both LVDTs and DIC were used to determine the composite strain in the RC ϭϲϰ 

member and in the reinforcement, which are the key parameters governing tension stiffening response. The ϭϲϱ 

composite strain (İcomposite) is the strain in the portion of the bar originally embedded in concrete and it can be ϭϲϲ 

calculated by dividing the total measured elongation by the concrete length lc. The total elongation is obtained as ϭϲϳ 

the concrete deformation (dc) plus the slip at the two ends of the prism (ds) discounted by the elastic ϭϲϴ 

deformation of the bar at the two ends of the specimen along (dfe) (Eq. 1). ϭϲϵ 

௖௢௠௣௢௦௜௧௘ߝ ൌ ்௢௧௔௟ ௘௟௢௡௚௔௧௜௢௡஼௢௡௖௥௘௧௘ ௟௘௡௚௧௛ ൌ ௗ௖ାௗ௦೟೚೛ାௗ௦್೚೟ି ೂಲ೑ಶ೑ሺଶכௗ௙೐ሻ௟೎                            (1) ϭϳϬ 

where Q is the applied load; Af is the area of the GFRP bar; and Ef is its modulus of elasticity and dfe  is the gage ϭϳϭ 

length at both ends. ϭϳϮ 

The concrete contribution (ıc) is the tensile stress carried by the concrete as the applied load (Q) increases. This ϭϳϯ 

parameter has been used to evaluate the effect of the bar size on tension stiffening behaviour [45] and it will be ϭϳϰ 

employed in this study to assess the concrete tensile performances for different conditioning environments. The ϭϳϱ 

concrete contribution (ıc) can be calculated based on equilibrium and assuming that the reinforcement strain ϭϳϲ 

ܳ ௙ሻ is equal to the composite strain (İcomposite) (Eq. 2-4) ϭϳϳߝ) ൌ ܳ஼ ൅ ܳ௙                                                                                                                                                       (2) ϭϳϴ 
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ܳ௙ ൌ ௙Ǥܧ ௙Ǥߝ  ௙                                                                                                                                                     (3) ϭϳϵܣ

௖ߪ ൌ ொିா೑ఌ೑஺೑஺೎                                                                                                                                                         (4) ϭϴϬ 

where Q is the applied load and QC and Qf  are the forces in the concrete and in the GFRP bar, respectively; and ϭϴϭ 

Ac is the area of the cross-section of the concrete prism. ϭϴϮ 

The effect of sustained loading and environmental conditioning on the tension stiffening response will be ϭϴϯ 

assessed through the analysis of the tension stiffening performance factor (iTFP) and the bond factor (ȕ). ϭϴϰ 

The tension stiffening performance factor (iTFP) is determined by normalizing the concrete contribution with ϭϴϱ 

respect to the tensile cracking strength of the reference sample (fcr) (Eq. 5).  ϭϴϲ 

iTFP = ఙ೎௙೎ೝ                                                                                                                                                                (5) ϭϴϳ 

The bond index  represents the average load carried by the cracked concrete (QC) divided by the load carried by ϭϴϴ 

the concrete at first crack (QCr) [46]. ϭϴϵ bond index ൌ ொ಴ொ಴ೝ                                                                                                                                          (6) ϭϵϬ 

 ϭϵϭ 

2.1.1 Analytical model for tension stiffening ϭϵϮ 

The tension stiffening model adopted in fib model code 2010 [27], which was originally developed for steel RC, ϭϵϯ 

was shown to yield reliable results for the short-term tension stiffening behaviour of GFRP RC members [28]. ϭϵϰ 

According to this model, the strain behaviour is calculated in three stages, namely the uncracked stage, the crack ϭϵϱ 

formation stage and the stabilized cracking stage, according to (Eq. 7), (Eq. 8) and (Eq. 9), respectively. ϭϵϲ 

Stage I (Uncracked):            ߝ௖௢௠௣௢௦௜௧௘כ ൌ ఙ೎ா಴                                                                                                         (7) ϭϵϳ 

Stage II (Crack formation):            ߝ௖௢௠௣௢௦௜௧௘כ ൌ ఙ೑ೝǤሺଵିఉሻா೑                                                                                 (8) ϭϵϴ 

Stage III (Stabilized cracking):           ߝ௖௢௠௣௢௦௜௧௘כ ൌ ఙ೑ିఉǤఙ೑ೝா೑                                                                             (9) ϭϵϵ 

Where, the maximum bar stress at a crack during stage II (ıfr) can be defined according to Eq. 10 ϮϬϬ ߪ௙௥ ൌ ௙೎೟೘ఘ೑Ǥ೐೑೑ ൫ͳ ൅  ௙Ǥ௘௙௙൯                                                                                                                                  (10) ϮϬϭߩ௖ߙ

ıf is the stress in the FRP bar at a crack; fctm is the tensile strength of the concrete; ȕ is an empirical coefficient to ϮϬϮ 

assess the mean strain depending on the type of loading and can be either 0.6 for short-term loading or 0.4 for ϮϬϯ 
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long-term loading; ȡf,eff is the ratio between the cross-sectional area of bar and concrete; and Įc is the ratio ϮϬϰ 

between the modulus of elasticity of FRP and concrete. ϮϬϱ 

 ϮϬϲ 

2.2 Beams ϮϬϳ 

Four-point bending tests were carried out using the set-up shown in Fig. 2. Beams were instrumented with linear ϮϬϴ 

variable differential transducers (LVDTs) at mid-span and at the supports to measure the net deflection. The ϮϬϵ 

load was applied in displacement control using a universal testing machine (1000 kN-ESH) at a rate of ϮϭϬ 

1 mm/min, monitored through the internal transducer of the actuator. Quasi-static incremental loading cycles Ϯϭϭ 

were carried out at a load inducing a predefined level of strain in the tensile reinforcement, namely 3000 ȝİ and ϮϭϮ 

5000 ȝİ, before the beams were loaded to failure. Crack widths were also measured at every 5 kN load Ϯϭϯ 

increment with a crack width microscope. Ϯϭϰ 

2.2.1 Review of EC2  and ACI 440.1R-15 models to predict deflection Ϯϭϱ 

According to Eurocode 2 [47], the total deformations (curvature or deflection) of members subjected to flexure Ϯϭϲ 

can be calculated by an interpolation between cracked and un-cracked section deformations (Eq.11), which is Ϯϭϳ 

conceptually more meaningful to represent the variation of the stiffness along the length of the beam due to the Ϯϭϴ 

presence of cracking [11,19]. Ϯϭϵ 

Į =ȗ.ĮII + (1-ȗ).ĮI                                                                                                                                           (11) ϮϮϬ 

ȗ = 1-ȕቀெ೎ೝெ ቁଶ
                                                                                                                                                 (12) ϮϮϭ 

where Į is the considered deformation parameter (e.g. deflection) and the subscripts I and II refer to un-cracked ϮϮϮ 

and cracked states, respectively; ȗ is a distribution coefficient (accounting for tensioning stiffening response of ϮϮϯ 

the RC member at a section); ȕ is a load duration coefficient (1 for short-term loading and 0.5 for sustained or ϮϮϰ 

repeated loading); Mcr is the cracking moment; and M is the applied moment. ϮϮϱ 

ACI 440.1R-15 [24] recommends the use of an effective moment of inertia, Ieff, derived from a modification of ϮϮϲ 

Branson’s equation (Eq. 13):  ϮϮϳ 

௘ܫ ൌ ቀெ೎ೝெೌ ቁଷ ௚ܫௗߚ ൅ ൤ͳ െ ቀெ೎ೝெೌ ቁଷ൨ ௖௥ܫ ൑  ௚                                                                                                      (13) ϮϮϴܫ

ௗߚ ൌ ଵହ ൬ ఘ೑ఘ೑್൰ ൑ ͳǤͲ                                                                                                                                    (14) ϮϮϵ 
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௙௕ߩ ൌ ͲǤͺͷߚଵ ௙೎ǡ௙೑ೠ  ா೑ఌ೎ೠ௙೑ೠா೑ା௙೑ೠ                                                                                                                       (15) ϮϯϬ 

where ȕd is a coefficient accounting for the different tension stiffening behaviour of FRP RC elements; ȡf  is the Ϯϯϭ 

FRP reinforcement ratio and ȡfb is the FRP balanced reinforcement ratio; ȕ1 is the ratio between the height of the ϮϯϮ 

equivalent rectangular stress block and the neutral axis depth; fƍc is the concrete compressive strength, ffu is the Ϯϯϯ 

rebar tensile strength, Ef is the modulus of elasticity of the FRP rebar, and İcu is the maximum concrete strain Ϯϯϰ 

(0.003 according to ACI provisions).Review of EC2 and ACI code to predict maximum crack width and spacing Ϯϯϱ 

EC2 calculates the maximum crack width and the maximum crack spacing according to Eq. 16 and Eq. 17, Ϯϯϲ 

respectively. Ϯϯϳ 

௖௥ǡ௠௔௫ݓ ൌ ܵ௖௥ǡ௠௔௫൫ᡅ௙௠ െ ᡅ௖௠൯                                                                                                                  (16) Ϯϯϴ 

ܵ௖௥ǡ௠௔௫ ൌ ͵ǤͶܿ ൅ ͲǤͶʹͷ݇ଵ݇ଶ׎Ȁߩ௣ǡ௘௙௙                                                                                                       (17) Ϯϯϵ 

൫ᡅ௙௠ െ ᡅ௖௠൯ ൌ ఙ೑ா೑ െ ௞೟௙೎೟ǡ೐೑೑൫ଵାఈ೎ఘ೛ǡ೐೑೑൯ா೑ఘ೛ǡ೐೑೑ ൒ ͲǤ͸ ఙ೑ா೑                                                                                      (18) ϮϰϬ 

where Scr,max is the maximum crack spacing; c is the concrete cover; k1 is the bond coefficient equal to 0.8 for Ϯϰϭ 

good bond performance and 1.6 for low bond performance; k2  is a coefficient depending on the form of the ϮϰϮ 

strain distribution (0.5 for bending and 1 for pure tension); Ø is the diameter of the bar; ȡp,eff is the effective Ϯϰϯ 

reinforcement ratio, where the effective area of the concrete in tension is calculated according to Eq. 16 Ϯϰϰ 

௘௙௙ܣ ൌ ݉݅݊ ቄʹǤͷܾǤ ሺ݄ െ ݀ሻǡ ௕ሺ௛ି௫ሻଷ ǡ ௕௛ଶ ቅ                                                                                                          (19) Ϯϰϱ 

h and b are the width and the height of the beam; d is the effective depth; and x is the neutral axis depth. Ϯϰϲ 

The mean differential strain (İfm-İcm) can be calculated according to Eq. 18 as the difference between the strain Ϯϰϳ 

in the reinforcement, İfm, and the mean concrete strain, İcm, between cracks, which takes into account the tension Ϯϰϴ 

stiffening effect; the stress in the tension reinforcement, ıf , is calculated by assuming a cracked section; kt is a Ϯϰϵ 

factor depending on the duration of the loading (0.6 for short-term loads and 0.4 for long-term loading); and fct,eff ϮϱϬ 

is the effective concrete tensile strength  Ϯϱϭ 

ACI440.1R-15 recommends using Eq. 20 to estimate the maximum probable crack width in FRP reinforced ϮϱϮ 

concrete elements Ϯϱϯ 

ݓ ൌ ʹ ௙೑ா೑ ௖݇௕ට݀௖ଶߚ ൅ ቀ௦ଶቁଶ
                                                                                                                                 (20) Ϯϱϰ 



ϭϬ 
 

where, ıf  is the tensile stress in the reinforcement; Ef  is the elastic modulus of the reinforcement; ȕc = (h-x)/(d-Ϯϱϱ 

x); dc is the cover thickness from the tension face to the centre of the closest reinforcing bar; and s is the bar Ϯϱϲ 

spacing. The kb is a coefficient accounting for the bond behaviour between FRP bar and concrete. The bond Ϯϱϳ 

coefficient kb is taken as 1 for FRP bars having similar bond behaviour to conventional steel bars. However, if Ϯϱϴ 

the kb value is not known, a conservative value of 1.4 is recommended. Ϯϱϵ 

 ϮϲϬ 

3 Experimental results and discussion Ϯϲϭ 

The experimental results are presented in the following sections and are used to discuss the effect of long-term ϮϲϮ 

environmental exposure on the tension stiffening and flexural behaviour of the tested specimens.  Ϯϲϯ 

3.1 Tension stiffening response of GFRP RC specimens Ϯϲϰ 

The effect of environmental long-term exposure and sustained stress on the tension stiffening behaviour can be Ϯϲϱ 

evaluated by analysing the load–strain responses, the cracking behaviour and the concrete contribution. Ϯϲϲ 

3.1.1 Load–strain responses Ϯϲϳ 

Fig. 6 presents the load–strain responses measured during the experimental tests for the reference specimens and Ϯϲϴ 

for those conditioned in water at 60°C for 120 days with and without sustained loading. The composite strains Ϯϲϵ 

(İcomposite) were computed according to Eq.1, and, for comparison purposes, the fully cracked response ϮϳϬ 

(unconditioned bare GFRP bar) is also plotted. The graph shows that the unstressed conditioned specimens Ϯϳϭ 

(TS3.120.60.W and TS4.120.60.W) exhibited significantly higher tension stiffening than the stressed specimens ϮϳϮ 

(TS5.120.60.W.3k and TS6.120.60.W.3k). This suggests that, in unstressed specimens, the bond between the Ϯϳϯ 

bar and the concrete increased, possibly due to the swelling of the bar due to moisture absorption and to the Ϯϳϰ 

resulting increase in mechanical interlocking and in friction forces at the interface (Fig. 7) [33]. Conversely, Ϯϳϱ 

specimens conditioned under sustained stress had a relatively lower tension stiffening response after cracking Ϯϳϲ 

compared to other specimens and an initial softer response up to cracking load. This is supported also by Ϯϳϳ 

examining the variation of the bond index (Eq. 6) with increasing İcomposite (Fig. 8) and by estimating the tension Ϯϳϴ 

stiffening as the normalised area under each curve (A1, A2 and A3). The observed bond enhancement for Ϯϳϵ 

unstressed specimens was approximately 43% compared with the references specimens, whilst stressed ϮϴϬ 

conditioned samples exhibited a decrease in tension stiffening of approximately 7%. This reduction might be Ϯϴϭ 

due to the development of micro-cracks as a result of concrete creep and to the deterioration of the resin rich ϮϴϮ 

layer of the bars in moist concrete environment, leading to bond degradation and to the consequent slipping of Ϯϴϯ 
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the bar at both ends of the specimens. Evidence of slip between the bar and the concrete was also evident when Ϯϴϰ 

specimens were subsequently split for closer investigation. Residues of the ribs of the GFRP bar were found Ϯϴϱ 

encased in the concrete at the two ends of the specimen (Fig. -a-c), confirming that failure developed at the Ϯϴϲ 

interface layer between the ribs and the core of the bar. Ϯϴϳ 

The performance of fib 2010 in predicting the tension stiffening response of conditioned the GFRP RC members Ϯϴϴ 

is presented in Fig. 10 (a) and (b) respectively. The bare bar response is also included for reference. While the Ϯϴϵ 

general trend is well captured, the model significantly underestimates the deformation of both reference and ϮϵϬ 

stressed specimens, while it underestimates the tension stiffening behaviour of the unstressed specimens. Ϯϵϭ 

3.1.2 Concrete contribution ϮϵϮ 

Fig. 11 shows the variation of the tension stiffening performance indexes (iTSP, see Eq.5) of both unconditioned Ϯϵϯ 

and conditioned TS specimens as a function of composite strain (İcomposite, Eq. 1). The areas under each curve, Ϯϵϰ 

which are also reported in Fig. 11 and are here referred to as the tension stiffening performance values, were Ϯϵϱ 

calculated and compared to examine the concrete contribution to the overall tensile response. The tension Ϯϵϲ 

stiffening performance of unstressed specimens conditioned in water at 60°C increased approximately by 88% Ϯϵϳ 

compared to that of the reference specimens, whereas a decrease of approximately 15% was recorded in the Ϯϵϴ 

stressed samples. Similarly, the experimental concrete contribution at cracking load, ıc, calculated according to Ϯϵϵ 

Eq. 4 and summarized in Table 4, shows on average an increase of approximately 36% for the unstressed ϯϬϬ 

specimens and a decrease of approximately 16% for the stressed samples when compared to the control ϯϬϭ 

specimens. These results are in line with the observations made above in reference to the bond enhancement ϯϬϮ 

found in unstressed samples and the tension stiffening degradation seen in stressed specimens. As evidenced in ϯϬϯ 

Fig. 9-b, the presence of a sustained load caused local de-bonding along the bar, thus affecting the overall bond ϯϬϰ 

and tension stiffening behaviour. ϯϬϱ 

3.1.3 Cracking behaviour ϯϬϲ 

Typical crack patterns just before failure are presented in Fig. 12, in which cracks can be identified as a sudden ϯϬϳ 

increment in the vertical displacement field (i.e. sharp change in colour) captured through DIC. The number ϯϬϴ 

associated with each crack represents their order of appearance, while the numbers between cracks are the ϯϬϵ 

measured spacing values. Unstressed conditioned specimens exhibited a smaller average crack spacing (60mm) ϯϭϬ 

and a higher number of cracks (4) than stressed specimens, characterized by an average crack spacing of 169mm ϯϭϭ 

and two primary cracks, and also than reference specimens that had an average crack spacing of 88 mm and ϯϭϮ 

three primary cracks. This suggests that the unstressed conditioned specimens had a better bond compared to the ϯϭϯ 
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others tested specimens and corroborates the observations made above on bond enhancement in unstressed ϯϭϰ 

specimens, which resulted in a more effective stress transfer from the bar to the concrete and consequently in the ϯϭϱ 

opening of a higher number of cracks. Conversely, the bond degradation in stressed specimens reduced the ϯϭϲ 

stress transferred to the concrete and therefore the number of cracks. ϯϭϳ 

 ϯϭϴ 

3.2 Load test of small-scale GFRP RC beams ϯϭϵ 

The results of four-point bending tests on small-scale GFRP RC beams are discussed below in terms of load-ϯϮϬ 

deflection response as well as cracking behaviour. The results from the study on the tensile behaviour of ϯϮϭ 

conditioned and stressed GFRP bars embedded in concrete are also used in the following to gain additional ϯϮϮ 

insights on the overall performance of GFRP RC elements. ϯϮϯ 

3.2.1 Load-deflection behaviour  ϯϮϰ 

Fig. 13 shows typical experimental load–deflection curves for specimens subjected to each type of conditioning ϯϮϱ 

and sustained loading, along with the theoretical response obtained by implementing the EC 2 and ACI 440.1R-ϯϮϲ 

06 models. It should be noted that the overall experimental deflection shown in the figure also includes the ϯϮϳ 

residual deformation due to the applied sustained load (initial offset at zero load). As the design of GFRP RC ϯϮϴ 

members is usually controlled by SLS limitations, the test results were compared at service load, which ϯϮϵ 

corresponds, as recommended by EC2, to about 35% of the ultimate load (ULS) of BM1.REF (shown in the ϯϯϬ 

figure with an horizontal solid line). In particular, it was observed that specimens conditioned in water at 60°C ϯϯϭ 

and with sustained loading corresponding to 3000 ȝİ and 5000 ȝİ showed larger deformations (up to 49% and ϯϯϮ 

68%, respectively) than BM1.REF. Such increments may be attributed to the reduction in tension stiffening ϯϯϯ 

effect as observed in the direct tension tests previously discussed. It could be also attributed to the degradation ϯϯϰ 

of concrete properties as a result of the exposure to warm and humid conditions. While the deflection of the ϯϯϱ 

stressed beam conditioned at ambient temperature (BM3.270.20.a.3k) is similar to the one of the control beam, a ϯϯϲ 

reduction in stiffness was noticed at early stages of loading, which was fully recovered once the load reached ϯϯϳ 

about 6 kN. This could be attributed to a local bond degradation between bars and concrete at the crack ϯϯϴ 

locations due to creep of concrete over the period that the specimens were subjected to the sustained load. ϯϯϵ 

Conversely, beams conditioned in water showed some high initial stiffness at early stage of loading that could ϯϰϬ 

be attributed to the self-heling phenomenon typical of concrete in wet conditions. ϯϰϭ 
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Fig. 13-a and Fig. 13-b show that the EC2 model predicted with a good degree of accuracy the deflections of the ϯϰϮ 

control beam and the stressed beam conditioned at ambient temperature up to service load. However, for load ϯϰϯ 

levels higher than 30 kN, the model underestimated the deflections, not accounting for the contribution of shear ϯϰϰ 

cracks to the total deformation. In addition, despite providing sufficiently accurate predictions at service load for ϯϰϱ 

short and long term conditioning at ambient temperature, the EC2 model significantly underestimated deflection ϯϰϲ 

for specimens subjected to long-term conditioning in water at 60°C. While ACI 440 significantly ϯϰϳ 

underestimated the predicted deflections for all cases, possibly because the tension stiffening effect was ϯϰϴ 

overestimated. It can also be noted that, only beam BM7.270.60.W.5k deflected more than the maximum ϯϰϵ 

allowable deflection at SLS (taken as l/250, or 4 mm) and highlighted in Fig. 13 with a vertical solid line.  ϯϱϬ 

3.2.2 Crack spacing ϯϱϭ 

The cracking patterns for all tested beams at SLS and at ULS are shown in Fig. 14 and Fig. 15, respectively. ϯϱϮ 

Initially, vertical cracks appeared in the pure bending zone as the load reached the cracking level for the ϯϱϯ 

reference specimens (un-cracked before testing) which were 9.06 and 10.34 kN, for BM1.REF and BM2.REF ϯϱϰ 

respectively, and as it exceeded 5 kN for the conditioned specimens (pre-cracked due to imposed sustained ϯϱϱ 

stress). As the load approached 20 kN shear cracks begun to form. It was noted that conditioned beams ϯϱϲ 

developed fewer secondary cracks than control beams as the bond between GFRP bars and concrete deteriorated ϯϱϳ 

during the conditioning process. The number of primary cracks as well as the average and the maximum crack ϯϱϴ 

spacing at both SLS and ULS are presented in Table 5 along with the maximum experimental load capacity and ϯϱϵ 

the theoretical maximum crack spacing values calculated considering both good and poor bond conditions (i.e., ϯϲϬ 

k1=0.8. and k1=1.6, respectively). The control beams consistently showed the lowest average crack spacing both ϯϲϭ 

at SLS and at ULS, confirming the good bond of unconditioned GFRP bars with concrete. The effect of ϯϲϮ 

sustained stress on crack spacing was variable and difficult to decouple from the influence of the moist alkaline ϯϲϯ 

environment at high temperature. In general, the wider crack spacing in stressed beams conditioned in water can ϯϲϰ 

be attributed to the reduction in bond strength as result of the skin degradation of the bars. Based on the ϯϲϱ 

outcomes of the tension stiffening results, the theoretical value representing good bond is adopted to predict the ϯϲϲ 

maximum crack spacing of reference specimens, whereas the one representing poor bond is used in the case of ϯϲϳ 

stressed specimens. ϯϲϴ 

The crack spacing obtained from EC2 is in good agreement with the test results at SLS. In particular, at SLS, the ϯϲϵ 

crack spacing predicted for beams BM4.270.60.a.3k and BM7.270.60.W.5k are slightly overestimated. ϯϳϬ 
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3.2.3 Crack width ϯϳϭ 

The width of the cracks that developed within the constant bending moment zone was measured at the height of ϯϳϮ 

the longitudinal reinforcement at different load levels using an optical microscope. Fig. 16 shows the ϯϳϯ 

experimental crack widths for one of the specimens subjected to each type of conditioning environment and ϯϳϰ 

sustained loading as well as the predicted crack widths according to EC2 and ACI 440. In general, crack widths ϯϳϱ 

were larger for stressed samples conditioned in water at high temperature. Nonetheless, for all specimens, the ϯϳϲ 

maximum measured crack width at SLS always remained within the allowable crack width (i.e. 0.5 mm) ϯϳϳ 

according to current guidelines [24-25]. It can be noted that the experimental maximum crack width of the ϯϳϴ 

control beam can be accurately predicted by the EC2 approach with a bond coefficient of 0.8, as no onset bond ϯϳϵ 

degradation is expected at this stage. However, the model fails to predict accurately the  crack widths for the ϯϴϬ 

conditioned and stressed specimens, providing conservative values for dry environments while being un-ϯϴϭ 

conservative for exposure to wet conditions. Similarly to EC2, despite using the recommended conservative ϯϴϮ 

value for the bond factor, ACI 440.1R-15 fails to capture the behaviour of stressed specimens conditioned in ϯϴϯ 

water. It should also be noted that the ACI model does not include a time dependent factor. Thus, using short-ϯϴϰ 

term tests results to predict the long-term cracking response of GFRP RC members and develop service life ϯϴϱ 

prediction models can lead to an unsafe design. ϯϴϲ 

4 Conclusions ϯϴϳ 

The experimental data obtained from this research was used to examine the long-term performance of GFRP ϯϴϴ 

bars in concrete members and assess the performance of the fib and EC2 models for predicting tension ϯϴϵ 

stiffening, deflections as well as crack spacing and crack width. The results of this study are summarized below. ϯϵϬ 

• Exposure to severe environment and sustained loading deteriorated the resin rich layer of GFRP bars. ϯϵϭ 

This resulted in the bond degradation between concrete and reinforcement and, in turn, reduced tension ϯϵϮ 

stiffening and affected the total structural performance of the GFRP RC members. Conversely, ϯϵϯ 

exposure to a moist environment without sustained loading did not cause any noticeable bond strength ϯϵϰ 

degradation. In fact, the swelling of the GFRP bar, as a result of moisture absorption, increased the ϯϵϱ 

mechanical interlocking and the friction forces at the interface between concrete and reinforcement, ϯϵϲ 

leading to a stronger bond and to a relatively higher tension stiffening behaviour. ϯϵϳ 

• The fib model failed to accurately represent the tension stiffening response of the tested GFRP RC ϯϵϴ 

members. In particular, the model underestimated the performance of the unstressed conditioned ϯϵϵ 
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specimens while, overestimated that reference and stressed conditioned specimens. Additional work is ϰϬϬ 

recommended to further improve the accuracy of this model. ϰϬϭ 

• The deformations (deflection and crack width) of the beams subjected to a load that induced strain ϰϬϮ 

levels of about 3000ȝİ in the GFRP bars remained within the limiting values suggested in current ϰϬϯ 

guidelines. Only the beams subjected to a higher sustained load level (equivalent to a strain of 5000ȝİ ϰϬϰ 

in the GFRP bars) exhibited deformations exceeding current allowable limits. ϰϬϱ 

• Current models to predict deflection and crack width failed to capture adequately the combined effect ϰϬϲ 

of severe environment and sustained loading. In particular, the EC2 model predictions were in ϰϬϳ 

agreement with the experimental deflection results measured at service load for reference specimens ϰϬϴ 

(short-term) and for stressed beams that were conditioned in air (long-term). However, the predicted ϰϬϵ 

deformation for stressed beams that were conditioned in water (long-term) was significantly ϰϭϬ 

underestimated by both EC2 and ACI 440. In addition, the use of a bond coefficient describing weak ϰϭϭ 

bond conditions led to unsafe crack width predictions. More accurate tension stiffening and bond ϰϭϮ 

factors representing GFRP RC beams in real application need to be identified. ϰϭϯ 

It should be mentioned that the above conclusions are based on the analysis of test results carried out on a single ϰϭϰ 

type of GFRP bar and a limited number of specimens and conditioning environments thus may not directly ϰϭϱ 

extend to other types of reinforcement or environmental conditions. Additional tests should be performed to ϰϭϲ 

provide statistically significant results and conclusions. ϰϭϳ 
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Fig. 1: Geometric details of the Tension stiffening specimens (all dimensions in mm) ϱϰϰ 

 ϱϰϱ 

 ϱϰϲ 

 ϱϰϳ 
Fig. 2: Geometric details and test setup of the tested FRP RC beams (all dimensions in mm) ϱϰϴ 
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 ϱϱϭ 
Fig. 3: Surface deformations and characteristics of rebars ϱϱϮ 

 ϱϱϯ 
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 ϱϱϰ 
Fig. 4: sustained load for simulating service loading (a) on beams (b) on tension stiffening specimens (all ϱϱϱ 
dimensions in mm) ϱϱϲ 

 ϱϱϳ 

 ϱϱϴ 

Fig. 5: Test set-up for direct tension test ϱϱϵ 

 ϱϲϬ 
Fig. 6:  Composite responses against applied load  ϱϲϭ 
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Fig. 7: Extracting the bars from conditioned unstressed specimens   ϱϲϯ 

 ϱϲϰ 

 ϱϲϱ 
Fig. 8: Tension-stiffening bond index response A1,2,3 are the area under each curve. ϱϲϲ 

 ϱϲϳ 
Fig. 9: ribs rupture and surface degradation in stressed specimens.ϱϲϴ 

 ϱϲϵ 

Fig. 10: (a) short-term prediction and the corresponding test results for references (b) long-term ϱϳϬ 
prediction and the corresponding test results aged specimens ϱϳϭ 
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Fig. 11: Tension stiffening contribution ϱϳϯ 

 ϱϳϰ 
Fig. 12: Displacement measurement by DIC, crack spacing and the crack number according to the ϱϳϱ 
appearance ϱϳϲ 

 ϱϳϳ 
Fig. 13: Theoretical and experimental load-deflection curves: (a) Control beams; (b) 3000µ഍ stressed ϱϳϴ 
beams aged in air; (c) 3000µ഍ stressed beams aged in tank; (d) 5000µ഍ beams tank ϱϳϵ 
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Fig. 14: Crack pattern at service load of tested beams ϱϴϮ 
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 ϱϴϰ 
Fig. 15: Crack pattern at failure of tested beams the red coulure is failure crack. ϱϴϱ 

 ϱϴϲ 
Fig. 16: Crack width vs. applied load compared with EC2 model.  ϱϴϳ 

 ϱϴϴ 
Table 1. Concrete properties ϱϴϵ 

Sample Curing environment fc EC fct 
 

RH 
(%)* 

Temperature 
(ΣC) 

Time 
(days) 

Avg 
(MPa) 

St.D Avg 
(GPa) 

St.D Avg 
(MPa) 

St.D 

BM RH 80% 20 0 55.0 1.4 33.1 0.4 3.2 0.2 
BM RH 100% 60 270 35.5 3.9 26.2 3.5 2.6 0.5 
BM RH 50% 20 270 50.4 8.4 33.1 2.1 3.0 0.3 



Ϯϱ 
 

TS RH 80% 20 0 60.5 5.2 33.8 1.0 3.6 0.3 
TS RH 100% 60 120 52.0 6.0 32.7 1.8 3.0 0.1 

*RH Relative humidity  ϱϵϬ 

Table 2. Reinforcement material properties. ϱϵϭ 

Reinforcement Ef  εfu  ffu  

Type Material Size  
(mm) 

Avg. 
(GPa) 

St.D. 
(GPa) 

Avg. 
(%) 

St.D. 
(%) 

Avg. 
(MPa) 

St.D. 
(MPa) 

Tension GFRP Ø8 57.0 
(60.0) 

1.5 2.8 0.9 1542.0 
(1000.0) 

28.0 

Compression BFRP Ø4 44.0 1.0 2.9 _ 1285.0 47.0 

Shear  GFRP 4x10 28.0 _ 1.9 _ 720.0 _ 

 ϱϵϮ 

Table 3. Test matrix and environmental and mechanical conditioning parameters. ϱϵϯ 

Specimen*  Conditioning Applied strain in 
longitudinal 

reinforcement 
(µ഍) 

Label Test Environment Temperature  
(°C) 

Time  
(d) 

TS.REF TS Laboratory 20 0 0 
TS.120.60.W TS 100% RH 60 120 0 

TS.120.60.W.3k TS 100% RH 60 120 3000 
BM.REF FLX Laboratory 20 270 0 

BM.270.20.a.3k FLX Laboratory 20 270 3000 
BM.270.60.W.3k FLX Tap Water 60 270 3000 
BM.270.60.W.5k FLX Tap Water 60 270 5000 

* two replicates of each specimen were tested ϱϵϰ 

Table 4. Concrete contribution in tensile behaviour ϱϵϱ 

specimens Concrete contribution at 
cracking load ıc/ıc REF 

ıc Avg (MPa) 
T.S.REF1 2.0 1.90 1.00 
T.S.REF2 1.8   
T.S3.120.60.W 2.7 2.65 1.36 
T.S4.120.60.W 2.6   
T.S5.120. 60.W.3k 1.7 1.65 0.84 
T.S6.120. 60.W.3k 1.6   

 ϱϵϲ 

Table 5. Number of cracks and crack spacing of all tested specimens and theoretical crack spacing. ϱϵϳ 

Beam S.L.S Maximu
m Load 

(kN) 

 U.L.S EC2 
No
. 

Spacing No. Spacing 
(mm) 

Spacing 
(mm) 

Avg 
(mm) 

Max 
(mm) 

Exp/
Th 

Avg Max k1=0.8 k1=1.6 

BM1.REF 5 78 107 1.1 55.8 6 78 107 

98 163 
BM2.REF 4 93 117 1.1 48.9 5 83 108 
BM3.270.60.a.3k 3 172 175 1.1 40.8 5 88 88 
BM4.270.60.a.3k 4 129 140 0.8 43.4 4 107 128 
BM5.270.60.W.3k 3 126 146 0.9 51.6 4 113 146 



Ϯϲ 
 

BM6.270.60.W.3k 3 158 187 1.1 40.6 4 113 147 
BM7.270.60.W.5k 4 103 117 0.7 43.1 4 103 117 
BM8.270.60.W.5k 4 119 158 0.9 48.0 4 119 158 

 ϱϵϴ 


