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Abstract. Many areas of Europe, especially Italy, Greece, Slovenia and other Balkan States, are generally associated with earthquakes. In the last two decades Fiber Reinforced Polymers (FRP) have gained an increasing interest, mostly for upgrading, retrofitting and repair of masonry and timber structures belonging to the architectural heritage. Recent researches demonstrated that masonry constructions or single structural elements are likely to be effectively repaired or enhanced in their mechanical properties using FRPs. The objective of the research presented in this paper is to study the long-term behavior of composite grids, made of E-CR glass fibers and epoxy-vinylester resin, subjected to harsh environmental factors including fatigue loading and ageing in aqueous solution. The paper presents new original test results on the relationship between the durability and the governing material properties of GFRP (Glass Fiber Reinforced Polymers) grids in terms of tensile strength and axial strains, using specimens cut off from GFRP grids before and after ageing in aqueous solution. The tensile strength of a GFRP grid was measured after conditioning in alkaline bath made by deionized water and Ca(OH)2 solution. The reduction in terms of tensile strength and Young’s modulus of elasticity compared to unaged specimens is illustrated and discussed. This degradation indicated that extended service in alkaline environment under fatigue loads may produce reductions in the GFRP mechanical properties which should be considered in design.
Introduction
The use of FRP materials in structural strengthening of civil and monumental buildings has been found to be effective and affordable thanks to the research done in the last decades [1]. At this moment the most important open issues remain those that involve the prediction of the mechanical behaviour in the long term. Recently FRP materials has been employed also in combination with inorganic matrix such as lime mortars and cement, to fulfil new needs in retrofit of historical construction. In this perspective the poor properties of the substrate have prompted to use glass fibers instead of carbon which has mechanical properties too far from poor masonry. In this perspective the compatibility of the glass fibres with the alkaline matrix should be proved. With the aim to provide new knowledge in this field a durability study has been conducted in order to investigate the residual mechanical propertied of GFRP grids subjected to exposure in alkaline bath and fatigue cycles. Even if the problem of fatigue has been extensively studied from FRP laminates [2], there are no information about the products used in retrofitting of civil structures. A study found in [3] investigated the effects of fatigue in bonded regions of FRP plates used for small bridge applications, but only few information are found in terms of residual strength of the fibers [4-6] and FRP-reinforced elements [7-8] . In all studies the effects of fatigue cycles produced a reduction of the static strength as expected. The presence of an aggressive chemical environment such as high alkaline pore solution is another threat for the glass fibers, when Alkali Resistant (AR) are not used. The problem of the chemical sensitivity of E-glass and ordinary basalt fibres may be addressed to three different mechanisms according to [9-10]. They include: an effect of the (OH)- ions which produce corrosion of the fibres; a second effect due to the precipitation of hydration products, which may reduce the flexibility of the fibres and change the behaviour at the interface with the inorganic matrix; the presence of chemical products which cause a densification of the matrix at the interface level which may produce a bending effect in the fibers.
Different studies confirmed the vulnerability of glass fibres (mainly E-glass) by showing a reduced tensile strength after ageing [11, 12]. A recent study [13] was conducted by considering the combined effects of accelerating ageing and fatigue on GFRP grids which are similar to those investigated herein. Since the combination of alkaline attack with fatigue cycles is almost unexplored, this study wants to provide new information in the field. The results of an experimental program are presented and discussed, showing the residual tensile properties of GFRP materials subjected to alkaline exposure and fatigue loading.         
Materials and Ageing Procedure
The GFRP products that were studied in this experimental program are industrially produced in forms of 0°/90° grids with a regular spacing of 66 mm on both directions. Each strand of fibers is made by four filaments having a TEX of 2400 each. The fibers are E-CR-glass (Electrical/Chemical Resistance) which are basically E-glass enhanced by the presence of alumino-lime silicate. The impregnation was made at a controlled temperature of 120 °C by using an epoxy-vinylester resin. Due to the used technology, the fibers amount is not the same in the two directions. The fibers are cured in forms of a flat plate (warp) in 0° direction and in forms of a twisted chord in 90° direction (weft). In order to quantify the effective resistant fibrous cross section in the two directions two methods were applied: A) the volume of the specimens is measured by using a graduated cylinder as also provided by the technical guidelines CNR-DT 203 [14],  ACI 440.3R [15], ISO 10406-1 [16]; B) the volume of the specimens is measured by doing a hydrostatic weighing, which is an alternative method that allows to increase the test accuracy. In the first case the extended measurement uncertainty is in the range between 20% and 40%. It is expressed as percentage of the average value of the measuring sample.
In the second case the extended measurement uncertainty is reduced to 1÷2 %. By using the A) method the measured equivalent cross section was respectively 12.0 (flat) and 9.6 mm2 (twisted); by using the B) method the measured equivalent cross section was respectively 11.6 mm2 (flat) and 8.9 mm2 (twisted).
The specimens were conditioned for 720 hours in alkaline bath made by a 0.16 % (weight) Ca(OH)2 aqueous solution, simulating a lime-based environment. The target pH of the solution was 12.6, which was monitored during the exposure period as shown in Figure 1a. A temperature of 30°C was maintained in the thermostatic bath during the exposure period in order to accelerate the diffusion effects of the aggressive solution inside the GFRP. The GFRP grid after exposure is shown in Figure 1b. A correlation between the real service life and days of accelerated ageing is found in for cementitious environments:   


[bookmark: _MON_1545490231]									(1)
where:
N = age in natural days
T= conditioning temperature in °F
C= days of accelerated exposure at temperature T
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(a)						(b)
Fig. 1:  (a) Experimental pH level during exposure, (b) Aged GFRP grid specimens
[bookmark: _MON_1545490245][bookmark: _MON_1545490258][bookmark: _MON_1545490274]Specimen Preparation
One critical limit state of civil structures are fatigue and long term behaviour and previous reviews of existing data from mechanical and aerospace applications are often used to determine the applicability to civil constructions. However these data are sometimes incomplete and more research is needed, especially for the long-term mechanical behaviour of composite materials. To study the effect of combined accelerated aging treatment and cycles loads on the strength and stiffness characteristics of GFRP grids (Fig. 2), specimens were subjected to ageing treatments and fatigue tests [17].
Specimens were first aged and subsequently subjected to fatigue treatment. In detail, tension-tension axial fatigue was applied on the specimens. Different magnitudes of loads and test frequency were used to study the effects of the fatigue treatment. Because frequencies of fatigue load under 4-5 Hz have demonstrated to produce limited effects in GFRP composites [3], only the data for which the frequency of fatigue was greater than 7.5 Hz was used in this experimental study.  
A 3 kN capacity load cell was used to monitor the fatigue load. Different load amplitudes were used for fatigue tests with a normalized maximum tensile stress (max/ult) of approx. 0.25, 0.35, 0.45 and 0.55 (corresponding to maximum tensile loads of 1, 1.5, 2, and 2.5 1 kN). A total of 14 fatigue tests were carried out with a maximum of two repeats per specimen type, normalized maximum stress, ageing treatment. A summary of the fatigue test parameters relevant for this GFRP composite is given in Table 1. Four types of fatigue treatments have been applied, with different maximum loads and identical load amplitude.

Table 1: Test matrix of tension-tension fatigue.
	
	Treatment
	Direction
	Fatigue frequency (Hz)
	Maximum load of fatigue treatment (kN)
	Fatigue Load Amplitude (kN)
	Number of Scheduled Cycles

	Type 1
	Unaged
	Warp
	7.5
	2.5
	1
	1,000,000

	
	Aged
	Warp
	7.5
	2.5
	1
	1,000,000

	Type 2
	Unaged
	Warp
	7.5
	2
	1
	1,000,000

	
	Aged
	Warp
	7.5
	2
	1
	1,000,000

	Type 3
	Unaged
	Warp
	7.5
	1.5
	1
	1,000,000

	
	Aged
	Warp
	7.5
	1.5
	1
	1,000,000

	Type 4
	Unaged
	Warp
	7.5
	1
	1
	1,000,000

	
	Aged
	Warp
	7.5
	1
	1
	1,000,000



Load cycles were applied through the use of a Fatigue Instron Machine, model E3000. Loads were induced by a hydraulic piston and is subsequently transferred to the specimen through two clamping jaws. Cycling loads with a frequency of 7.5 Hz were used for all fatigue tests. 
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Fig. 2: GFRP grid with a 66x66 mm     mesh size.
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Fig. 3: Schematic 
layout of a GFRP grid
.



When the specimens overcame the fatigue treatment, a destructive tensile test was conducted to measure the mechanical degradation. In this case, a servo-hydraulic MTS machine was used. The coupon length was approx. 190 mm with the clear distance between grips of approx. 90 mm. Specimens have been tested in tension, in accordance with ASTM D3039 [18] standard, using an Instron Tensile Machine, model 3382. The machine was equipped with a load cell of 100 kN and an extensometer (over a gage length 50 mm).  The extensometer was secured on a portion of the GFRP grid without a joint along the gage length. To minimize stress concentration near the grip zone soft timber packing pieces (tabs) were glued with epoxy resin at both ends of the specimen. All tensile tests were conducted with crosshead speed of 0.2 mm/min (displacement control mode) at temperature of 23 °C and humidity equal to 50 %.
Test Results
The experimental investigation is ongoing and only first results are presented herein. Specimens were cut off from the grid’s warp and weft directions. The specimens cut off from the warp direction have a thin rectangular cross section, while the ones from the weft direction are made up of two cords with a pseudo-circular cross section (Figs. 3-4). The aim of this experimental campaign was to measure the retention of the tensile properties after artificial ageing and fatigue cycles. 
From the analysis of the results of tensile testing, the tensile strength and the Young’s modulus are calculated, for specimens subjected to ageing and untreated. In total, 30 GFRP specimens were first subjected to artificial ageing, and then tested. 
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Fig. 4: a) cord shape along the warp (a) and  (b) weft directions.


Table 2: Results of tensile testing for untreated specimens [Standard deviation in ( )].
	
	Warp 
direction
	Weft 
direction

	Maximum tensile load (N)
	4480
	3679

	Tensile strength (MPa)
	1179.1 (78.22)
	968.2 (85.93)

	Young’s modulus (MPa)
	70189 (4210)
	74224 (3432)

	Strain at max. load (%)
	1.68
	1.30



Untreated specimens In this case, a number of untreated specimens were tested in tension to determine the tensile strength, Young’s modulus and strain at failure. Specimens were cut off from the GFRP grid and two groups were formed. Each group of both the warp and weft tested specimens has a size of 10. The warp tested specimens exhibited a higher tensile strength compared to warp tested specimens. The tensile strength is dependent of the type of specimen because of the different ratio resin/fibre and shape of the cross section (twisted strands). 
The lowest measured tensile strength was 968.2 MPa which belongs to warp tested specimens. The presence of joint (Fig. 5) is likely to be listed as the cause of this: failures often occur at the joint as the fibres deviate from the straight line orientation, and this produces a stress concentration, particularly on the warp direction. A typical failure is shown in Figure 6. Standard deviation and mean values were determined as given in Table 2. During the tensile test, all GFRP coupons showed an approximately linear behaviour up to failure (Fig. 7).

[image: ]                           [image: ]       
                Fig. 5: Detail of the joint.       Fig. 6: Typical failure of a warp specimen.
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	Fig. 7: Load vs. extension curves for warp tested specimens.

	Fig. 8: A warp specimen after artificial ageing.


Specimens subjected to tension-tension fatigue At the end of the two treatments (ageing and fatigue), specimens were tested in tension (Fig. 8). The sample identification (ID) consisted of three parts, including a progressive number, a two-letter code (NT for untreated and AG for aged specimens) and a single-letter code for a specific sampling location (e.g. R for warp, F for weft direction).  Table 3 also shows that the specimens completed the scheduled number of cycles only if subjected to a maximum load of 1 kN, corresponding to a normalized maximum tensile stress (max/ult) of approx. 0.25. 
Several GFRP specimens could not overcome the fatigue treatment (1,000,000 cycles) and failed during fatigue test. In this case, the number of loading cycles before failure has been used to indicate their mechanical degradation.
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	Fig. 9: Fatigue Instron Machine E3000.
	Fig. 10: A warp specimen under fatigue testing.



Table 3: Results of fatigue testing.
	ID
	Treatment in alkaline bath
	Direction
	Fatigue frequency (Hz)
	Maximum load of fatigue treatment (kN)
	Load amplitude
(kN)
	Number of scheduled cycles
	Number of cycles at failure

	1NT-R
	Unaged
	Warp
	7.5
	2.5
	1.0
	1,000,000
	731,061

	2NT-R
	Unaged
	Warp
	7.5
	2.5
	1.0
	1,000,000
	660,129

	3AG-R
	Aged
	Warp
	7.5
	2.5
	1.0
	1,000,000
	26,942

	4AG-R
	Aged
	Warp
	7.5
	2.5
	1.0
	1,000,000
	23,539

	5NT-R
	Unaged
	Warp
	7.5
	2
	1.0
	1,000,000
	-

	6NT-R
	Unaged
	Warp
	7.5
	2
	1.0
	1,000,000
	163,088

	7AG-R
	Aged
	Warp
	7.5
	2
	1.0
	1,000,000
	28,045

	8AG-R
	Aged
	Warp
	7.5
	2
	1.0
	1,000,000
	232,661

	9NT-R
	Unaged
	Warp
	7.5
	1.5
	1.0
	1,000,000
	638,157

	10NT-R
	Unaged
	Warp
	7.5
	1.5
	1.0
	1,000,000
	67,533

	11AG-R
	Aged
	Warp
	7.5
	1.5
	1.0
	1,000,000
	98,026

	12AG-R
	Aged
	Warp
	7.5
	1.5
	1.0
	1,000,000
	62,466

	13NT-R
	Unaged
	Warp
	7.5
	1
	1.0
	1,000,000
	-

	14NT-R
	Unaged
	Warp
	7.5
	1
	1.0
	1,000,000
	-

	15AG-R
	Aged
	Warp
	7.5
	1
	1.0
	1,000,000
	410,988

	16AG-R
	Aged
	Warp
	7.5
	1
	1.0
	1,000,000
	-



Because the experimental investigation is ongoing, only warp specimens have been tested so far. All GFRP specimens subjected to tension-tension fatigue test (between the load limits of 1.5 and 2.5 kN) failed during treatment (Fig. 9-10). However unaged specimen failed for a number of cycles of 731,061 while aged ones could barely exceed 20,000 cycles (Tab. 3). It is clear that the GFRP specimens are sensitive to fatigue and the tension-tension fatigue treatment, applied parallel to the fibre orientation, produced a kind of mechanical degradation: this should be further investigated. Considering that the GFRP specimens were made of a polymeric matrix composite with elastic fibres, the irreversible set of mechanisms, commonly described as plasticity for metallic specimens, cannot occur. However other irreversible mechanisms may be produced by a fatigue treatment, such as matrix cracking and fiber/matrix debonding. The specimens’ failure always occurred near the grid joint. A similar behaviour was recorded for lower maximum loads of fatigue treatment. 
Conclusions
The results of an ongoing experimental program were presented to show the durability effects of alkaline environment and fatigue loads on GFRP grids made by ECR glass fibres and epoxy-vinylester matrix. Even if it is known that AR-glass fibres are commonly used in commercial products, this study wanted to assess the behaviour of an alternative and cheaper GFRP solution. The specimens included in the aged group were subjected to exposure in Ca(OH)2 solution 0.16% in weight, for a period of 720 hours. The protocol of fatigue tensile loading included different levels from 1.0 up to 2.5 kN, with a frequency of 7.5 Hz. The results confirmed, as expected, that the presence of cyclic loads strongly influenced the damage’s growth initially produced by the chemical attack of alkaline ions. In fact the specimens that were subjected to the highest fatigue loads level exhibited the highest drop in residual fatigue life. 
As main conclusion of this research it should be remarked that: even if glass fibres are commonly used in structural strengthening of masonry buildings, due to their low modulus respect to carbon fibres, durability issues are important, especially when AR glass fibres are not used. The effects of ageing in alkaline environment were found to decrease the tensile mechanical properties up to 0% (test ongoing). This mechanical loss is strongly magnified when cyclic tensile loads are applied after chemical ageing.  In the worst cases the residual strength was found to be reduced up to 0% (test ongoing).         	Comment by Scavap: Inserire valore	Comment by Scavap: Inserire valore
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