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Abstract: This study is concerned with the fatigue perforogaof adhesively bonded
anchorage for carbon fiber reinforced polymer (CyFR#dons subjected to cyclic
loading. Series of monotonous and cyclic experisiennhder different stress
amplitudes and loading frequencies were carried ioubrder to investigate the
mechanical performance of bonded anchorage systen®~RP tendons and to study
the influence of cyclic loading on the anchoringfpenance. The fatigue damage and
the relationships between damage, loading frequandyinterfacial temperature rise
of anchorage systems were analyzed. The results #fhat cyclic tension-tension
loading is instrumental in enhancing the synergistieraction between the anchorage
components and it also stabilizes the entire amg®system performance provided
that the stress amplitude is kept lower than 10%hefultimate tensile capacity of the
anchorage systems and the maximum stress is l@s$H0% of the ultimate capacity
of the anchorage system. The loading frequencyuenites significantly the
temperature variation in the anchorage system.gh loading frequency may result
in a sharp temperature rise at the early-stagenadestage of cyclic tension-tension
loading, followed by a rather stable late stagas Tfhenomenon of temperature rise
during fatigue tests may indicate the extent ofgtee damage in the anchorage
system.

Keywords: Carbon Fiber Reinforced Polymer; Anchorage systeatigue; Slippage;
Temperature rise; Damage



1 Introduction

Cable stayed bridges and suspension bridges ardifoéatructures with excellent
spanning capacity. There have been considerablanadment in long-span bridge
technology with the development of materials. Bareple, the materials for cables
have developed from degradable vegetable fibersannient times to modern
ultra-high tensile strength (2000 MPa) steel caljlgds The availability of such
high-strength steel makes possible the constructidang-cable stayed bridges with
spans greater than 1000 m, such as the RusskyeBndgussia with a span of 1104m,
and Sutong Yangtze River Bridge in China with anspé& 1088m. In the case of
suspension bridges, the spans are even longeexiaarple, the Akashi-Kaikyo bridge
in Japan has a free span of 1991m. The load-cagrefiiiciency and spanning ability
of long-span bridges are also restricted by theshekeadweight of the structures.
Bridge engineers have to develop very stiff, strand lightweight deck structures by
using new composite materials with a high strerngtiveight ratio for greater bridge
spans.

Bridge engineers have to also contend with strattoorrosion problems and
fatigue that have been major causes of many capdstr failures of bridges.
According to the final report from the U.S. Depagtih of Commerce Census Bureau
in 2002, the annual direct cost for maintenance rapdir against corrosion damage
for national highway bridges is estimated to bemeen $6.43 billion and $10.15
billion with an average annual cost of corrosionoanting to $8.29 billion. Indirect
costs due to traffic delays and lost productivigrevestimated at more than ten times
the direct cost of corrosion maintenance, repat eghabilitation [2]. Therefore,
corrosion protection of bridge structures is expenand poses challenges to bridge
engineers to this day. Moreover, steel elements cammonly used in bridge
structures and they are also expected to be vidleeta fatigue and fracture. For
example, the railway bridge over the Skellefte Riue Sweden suffered fatigue
cracking at the threaded part of the hanger due ¢ombination of oscillations and
secondary bending of the hangers at their conmectio the steel arch. Fatigue
cracking also occurs in various bridge element$ wdped ends or cut-short flanges
at their connections to other elements [3]. A réepoom the federal highway
administration of the US Department of Transpaootatstated that about 40% of
metallic highway bridges in the USA in 2005 havdederated significantly as a
result of cyclic vehicular loads [4]. Thus, improvent of bridge resistance to
corrosion and fatigue is vital for the integritydatiurability of bridge structures.

An interesting new material that has been intreduior bridge engineering is the
Carbon Fibre Reinforced Polymer (CFRP). The fir§tR® cable structure in the
world is the Tsukuba FRP bridge in 1996 [5]. Comipig high-performance
thermosetting resin and high-strength fibres, CFRP special characteristics in the
mechanical and in-service characteristics such @h hesistance to fatigue,
lightweight, anticorrosion, high tensile strengtidastiffness [5, 6]. This combination
of properties makes CFRP an attractive alterndtvsteel for cables in large-scale
cable stayed bridges. Hitherto, a large amounteskarch studies on the design
methodology and performance of long-span cableestdyidges with CFRP cables



have been carried out. Xiet al. [7] investigated the effect of the geometric
nonlinearity of CFRP cables on static and dynamaperties of cable-stayed bridges
by carrying out tests on the bridge at site as aglperforming numerical simulations.
They found that the long-span bridge with CFRP ealdhas a higher resistance
against wind-induced vibration than its counterpeth steel cables. Yang al. [8]
studied the vibration characteristics of CFRP arda® Fibre-Reinforced Polymer
(BFRP) cables in long-span cable stayed bridgesidigrmining the in-plane and
out-of-plane vibrations of reduced-scale bridge el®dThey discovered that the risk
of cable-deck resonance was lower than that ofgbsdwith steel cables and the
equivalent damping properties of in-plane and dyttane vibrations revealed
significant difference when compared to steel cabléaiet al. [9] used genetic
algorithms to optimize the combination of CFRP #radlitional steel material for the
hybrid cable system with the aim of improving theraynamic performance of
long-span cable stayed bridges.

Although great progress has been achieved in #sga methodology and
performance of long-span bridges with CFRP cabthsre are still challenges
hindering the wide applications of CFRP cablesnespressed bridges. One of these
challenges is the difficulty in anchoring the pressed CFRP tendons because they
are vulnerable to damage or premature failure utrdesverse loads at the anchorage
area. This is because the CFRP tendon is brittte laghly anisotropic (since its
transverse strength is only about one twentietksdbngitudinal strength). Therefore,
the traditional methods for anchoring steel barst@ands cannot be applied for CFRP
tendons directly. Numerous efforts from researcheig. 10-19] came up with three
basic types of anchorage systems for CFRP tendatis respect to load transfer
mechanism, namely, (1) adhesively bonded anchaggfem (such as in Fig. 1a), (2)
mechanical clamping anchorage system (such as gn H) and (3) composite
bonding- wedge anchorage system (such as in Fig. 1c

The adhesively bonding anchorage system consista sleeve and bonding
medium, usually epoxy resin, cement grout or highfggmance concrete, with or
without an inner cone in the sleeve. In this anagersystem, CFRP tendons are
anchored via chemical bonding provided by bondingdionm, and mechanical
interlocking and friction at the bonding medium/@FRendon interface which is
determined by the inner sleeve surface coarsettessner inclination of the sleeve
and the material properties. The anchorage perfocemand shear distribution in the
anchoring zone play a crucial role in taking fulvantage of high tensile strength of
CFRP tendons. This anchorage system has attraeeattention of many researchers.
Puigvertet al. [13] conducted experimental static tests of défgrshapes and sizes of
anchorage, and performed numerical simulations diffierent adhesive material
models with the view to investigate the static oee of the adhesively bonded
anchorage and its failure mechanism. They foundttteacohesive zone model with
progressive damage was the most reasonable forildagcand predicting the
approximate distribution of shear stress in thexgdamonded anchorages among the
other models. Fengt al. [15] characterized the mechanical properties o§lsirod
and a multi-rod straight- pipe bonded anchorageidigg the finite element method.



They found that the straight-parabolic inner coas h clear effect on reducing the
shear force at the loading end, and the desigmpeas such as the modulus and
thickness of the adhesive, inner inclined anglej #me space between the rods
significantly influence the anchoring performandéang et al. [17] performed
experiments on multi-rod anchorages and formuléibedbond strength and critical
bond length for CFRP rods embedded in an ultra-pegtiormance Reactive Powder
Concrete. Meieet al. [18, 20] proposed the Gradient Anchorage Systeanghoring
the two CFRP cables of the Stork Bridge locateimterthur, Switzerland. They
changed the elastic modulus of the resin along thi¢haxis of the bonded anchorage
to lower the peak of shear stress in the anchormge and hence improved the
anchorage efficiency. Research studies continusetk the optimal shear stress
distribution and further improvement of anchorirfycegency.

The second type of anchorage system for singlBRCtendon is the mechanical
clamping anchorage system comprising wedges, amghang and soft metal tube,
shown in Fig. 1b. This kind of anchorage reliesntaon the friction at the interface
between the tendon and the inner surface of wedggesyell as the perpendicular
grasping force to provide the anchoring force. @pplication of the soft metal tube is
to protect the CFRP tendon from damage causedebitekth” in the wedges as large
forces are transferred to the tendon. Even soCH#RRP tendon held by this anchorage
system is susceptible to premature failure resylfrom the high shear stresses
arising from the gripping action at the leading edy the wedges. Especially, the
experimental results indicate that the differeneeneen a successful anchorage and
an unsuccessful anchorage is small, that is, #ialisy of this kind of anchorage is
unreliable [19]. Details of the kind of anchoragevé been given in [12, 19, 21-23].

The third type of anchorage system is the contpasedge-bonding anchorage
system as shown in Fig. 1c. This anchorage systtlizes the advantages of
adhesively bonded anchorages and mechanical clgngpichorages for providing a
higher anchoring force by combining the roles ohdiog material and gripping
function. Thus, its performance and ultimate tensdpacity is highly sensitive to the
combined methods, material properties and the gemale characteristics of the
anchorage system. Details of these anchorageshe@vediscussed in [11,16].

The influence of repeated or cyclic loading orclering performance adds
another dimension to the difficulty in anchoring RFF tendons. Bridges are often
exposed to millions of traffic load cycles duririeeir service life, which may lead to
fatigue damage. Investigations by Haghetral. [3] have shown that fatigue damage
was the main cause in many bridge failures. Cratkg be formed during the course
of the fatigue damage accumulation and eventualbhpagate through the material,
resulting in either a local or a total failure dfetbridge structure. Thus, structural
members of bridges should not only be designedthdic load capacity, but also have
to meet the requirements in dynamic performancesh sas fatigue and cyclic
loadings. There has been considerable interesteirfatigue behaviour of reinforced
concrete beams and bridge girders strengtheneetrofitted by FRP laminates. The
crucial factors and the significant influence origae performance have been
investigated in detail in these references [24-2RKo, the fatigue failure criteria for



crack initiation in metallic beams reinforced bytexxal bonding CFRP plates were
discussed [28]. Martinelli et al. [29, 30] havedsad the theoretical bond-slip model
for the adhesive interface of FRP-to-concrete agthgsints under loading/unloading
cycling tests. As for anchorages for FRP tendom®fdt et al. [22] carried out an
experimental study to investigate the fatigue pemnince of a wedge anchorage for
CFRP tendons under different cyclic loading stresges from 10% to 17% of the
ultimate strength of the tendon with two minimumess levels of 40% and 47% of
the ultimate strength. They concluded that theytetilife of the wedge anchorage was
primarily affected by the applied stress range, gn@minimum stress could hardly
influence the fatigue life. Puigveet al. [31] conducted experimental and numerical
studies on epoxy adhesively bonded anchorages. Sthd that the fatigue life had a
better correlation with the maximum fatigue loacrththe loading range, and the
anchorages with thicker adhesive layers had a lofggegue life under the same
fatigue load. However, the anchorages with thireditesive thickness had a longer
fatigue life at the same normalized fatigue loathwespect to the static ultimate load.
Zhuge et al. [32] found that most part of the relative displaemt between the
anchorage assemblies of wedge-type anchorages gddihia fatigue tests was
generated mainly by the maximum tensile load befoyelic loading, and the
displacement had no effect on the mechanical ptiegenf anchorage system.
However, it has yet to be confirmed whether theseclusions are applicable for
bonded-type anchorages.

So far, there is relatively little research on dag performance of anchorage
systems for CFRP tendons. The limited researchestuddcused mainly on checking
whether the anchorage system for FRP tendons @lyegesigned by the researchers)
could pass through the preset fatigue tests. Latlention was paid to the damage
features and the influences of loading frequencg temperature on the internal
damage of anchorage systems under fatigue loa@iimg.makes the investigation on
fatigue mechanism and the nature of damage prapagat anchorage systems for
FRP tendons even more urgent; before seeking amajplesign of anchorage system
for application in bridges. The present work, there, will focus on the static and
fatigue performances of the adhesively bonded amageofor single-CFRP tendon
with the view to uncover the fatigue mechanism dathage characteristics of the
bonded-type anchorages, as well as to exploredlatianship between the loading
frequency, temperature rise and cumulative damégkeeoanchorage systems under
fatigue loading. This study adopts the adhesivelyded anchorage system because it
has the advantage of reducing the transverse to#tettendons in order to minimize
damage to the tendons.

The layout of this paper is as follows. In Sectnthe materials, specimen
preparation and methods are presented for the statl fatigue tests on adhesively
bonded anchorage systems. In Section 3, the resoiftsthe static and fatigue tests
are reported. In Section 4, the analysis on thegiarformance of anchorage systems
before and after fatigue tests are presented,welloby the discussion on fatigue
damage mechanism and temperature effect. Sectmesents the main conclusions
of this study.



2 Materialsand M ethods

The static and fatigue tests were carried out with aim to investigate the fatigue
performance and damage mechanism of resin-basedetioanchorage for CFRP
tendons. The anchorage system consists of the tgpmdaterial, metal sleeve with an
inner inclination and a CFRP tendon which was Ieldlace by the bonding material
along the axis of the sleeve as shown in Fig. 2.

2.1Materials and specimens

Unidirectional 8mm-diameter CFRP tendons were addi for the static and fatigue
experiments. The contents of fibre and resin in EE&dons were 65% and 35% by
volume, respectively. The tendons have equally egbaghallow notches on their
surfaces. Their mechanical properties in longitatiand transverse directions are
listed in Table 1 where UTS denotes the ultimatsite strength.

The sleeve was made from a high-quality structste¢| with the carbon content
of 0.45% and the surface roughening treatment ndetas applied for the inner wall
of the sleeve. The minimum gap between the tenddrtfze inner wall of sleeve was
8mm which equals the diameter of the tendon.

The two different bonding materials used were:

» Adhesive /- a Lica-300A/B adhesive produced by Nanjing HiH€€omposites
Co., Ltd, China. Components A and B were mixed Bvand poured into the
sleeve directly by a special glue gun.

» Adhesive /7- a kind of resin mortar specially manufacturetbbethe tests. This
resin mortar is Lica-300A/B adhesive reinforced diding quartz sand. The
diameter of quartz sand particles used in the tedtsn two categories that
depends on the size, i.e., 0.5mm to 1mm diametat garticle for one category
and 1mm to 1.5mm diameter sand particle for thersgecategory. The adopted
mass ratio of the finer sand category to the coaand category is 2:1. The
epoxy resin and sand that made up Adhegiverere proportioned by a mass
ratio of 2:1. The average compressive strengtth@fAdhesivell was tested to
be 68MPa.

An anchorage specimen to be filled with Adhesillewas manufactured in

accordance to the following steps:

» Step 1: Quartz sand of 80g with the particle diamsetanging from 0.5mm to
1mm and another kind of quartz sand of 40g withdizeneters ranging from
1mm to 1.5mm were mixed evenly.

e Step 2: Lica-300 A/B adhesive was squeezed outraméd by a glue gun.
When the color of the mixed adhesive became unifdh@ adhesive of 240g
was mixed with the prepared quartz sand mixturd the new homogeneous
mixture was made.

» Step 3: The new mixture was fully poured into a&kteeve which was closed
at one end by a plug, accompanied by slight vibratif the anchorage so as to
avoid the formation of air bubbles and to improve tcompaction of the
bonding material.



» Step 4: The CFRP tendon was potted along the dxiseosleeve accurately.
The excessive grout was wiped off and the otheroéitide sleeve was closed by
a copper sheet.

» Step 5: The anchorage was put in a shelf verticdlhe anchorage was fully
cured for a minimum of three days. Then anotheharage was manufactured
for the other end of the CFRP tendon by the santbade

» Step 6: The specimens were cured under the roompet@ture for at least three
weeks.

2.2 Experimental Methods
2.2.1 Static Tensile Experiments

Previous experimental results reveal that smalédsihces in the mounting procedure
and design parameters of anchorages may signifycenfluence the performance of
anchorages. Thus, a group of adhesively bondedoamgbs for CFRP tendons was
taken for axial tensile tests with the view to abtthe static performance and the
average tensile capacity. The anchorage systemthatimighest tensile capacity was
then selected to carry out the following tensilesike fatigue tests with a constant
stress amplitude. Specimens’ information for stists is listed in Table 2.

The static tests were carried out according to Teehnical Specification for
Application of Anchorage, Grip and Coupler for Prestressing Tendons (J1006-2010)
[33]. All static tests were carried out in the M#&éTesting System (MTS 809). The
experimental setup is shown in Fig. 3. The terleéel was applied in steps of 10% of
the nominal tensile capacify,, of the tendon with a loading rate of 100MPa/min.
When the load reached 70%F$, the load was kept for 20 minutes and theredfier t
load was increased again until the specimen failed.

2.2.2 Fatigue Experiments

The fatigue performance of the specimens undenayehsion-tension loading was
investigated by using two different experimentavides viz. MTS-809 and PA-500
(see Fig. 3) in order to mitigate the risk causgdhe precision of the loading device.
According to the provisions given by tiechnical Code for FRP Composites in
Construction GB50608 and ACI 440, structural members have to pass through the 2
million-cycle fatigue tests with the maximal strefs50% of the tensile strength of
CFRP tendons and the stress amplitude of at |€AP8, and fatigue failure should
not occur during fatigue loading. This acceptablgegon for CFRP tendon
anchorage system has been adopted for this stueferridg to this criterion, the
pertinent details of the fatigue loading are listed able 3. Loading ceases when one
of the following conditions was reached:

» Large slippage occurs in the anchorage zone andytem can no longer resist

loads efficiently;
* CFRP tendon cracks or fractures;
» Serious debonding failure appears at the intertaemveen the adhesive and



sleeve or at the adhesive/tendon interface;

» Load cycle count reaches the maximum repeatedpneeet for fatigue tests.

The maximum number of cycles is set to be 2 millianall fatigue tests. In order
to save on experimental time and cost, the testseaminated when system slippage
varies marginal in the last loading stage and npoimant damage can be observed
(which indicates the anchorage system begins &idi#e under fatigue loading).

All specimens were subjected to a small monotorstaic tension before fatigue
loading so as to stabilize the anchorage system.stdtic preloading value was set to
be 30kN in order to avoid any damage caused byntbeotonous pre-tensioning
process. A sinusoidal fatigue loading was applied $pecimens P-1 to P-4 in
sequence, as shown in Table 3 wheres the estimated axial ultimate capacity &nd
the estimated static strength of the anchorageemystStatic tensile tests were
conducted again for the specimens that had undergoacessfully the fatigue tests
for determining the effect of fatigue loading o thnchoring capacity of adhesively
bonded anchorage.

In order to monitor the real-time status and teellgp a better understanding of
the mechanism of fatigue damage in adhesively bbrateehorage systems, some
temperature strain gauges were adhered to thecsudhthe CFRP tendon in the
anchoring zone. The real-time temperature of tleh@arage zone was monitored by a
device of thermocouple thermometer (GM1312) dutirgcourse of fatigue loading.

Further, staged cyclic loading tests at frequentieblz (fatigue stress ratio is 0.76)
and 12 Hz (fatigue stress ratio is 0.6) were peréat on Specimens P-5, P-6 and P-7
to investigate the whole process and mechanismheftémperature rise in the
anchorage system under fatigue loading. In thests, tthe loading was terminated for
12 hours when the cycle counts reached the targetack in order to ensure that the
internal heat produced in the previous stages viesipated completely. The next
phase of the cyclic loading started thereafter. d®yng this, the temperature rise
recorded at each stage was restricted to the &almading at the current stage, i.e.,
the temperature rise is independent of the heainaglated in previous stages.

3. Experimental Results

During the static tests, the ultimate tensile capaE; for the specimens were
measured and recorded in Table 2. Three kindsloféanodes were observed:
» Failure mode I: debonding failure at the interfaedween sleeve and bonding
material;
» Failure mode IlI: pull-out of tendon from the bonglimaterial;
» Failure mode llI: tendon fracture.

During the fatigue loading, the relationshipvieetn the applied force and system
slippage may be expressed as a continuous hysten@sie. Table 4 lists some data
extracted from the maximal system slippage for Bpexas P-1 to P-6 under the
maximum load of 39.6kN and four different stresphimdesAc =36 MPa, 96 MPa,
125 MPa and 156 MPa. The curves of system slippaggis cyclic load are shown in
Fig. 4. And the failure modes of the anchorageesystunder fatigue loading were
photographed and shown in Fig. 5.



The responses of the assemblies of the anchaysiems were simultaneously
recorded during the tests. The load-strain curyéBeosleeve of Specimen P-1 before
and after the fatigue test are shown in Fig. 6. Véation of the axial strain of the
tendon at the middle of the anchoring zone of Speni P-1 with respect to the
monotonous tensile loading before and after thguattest is shown in Fig. 7. Figure
8 shows some typical curves of the system slippemgier tensile loading before and
after fatigue tests.

During the second batch of static tensile testelucted on Specimens P-1 to P-4
which had undergone the fatigue tests, an abruptdésoccurred in Specimen P-2 due
to the torsion produced by an improper operationlenvteloading, leading to no
results for Specimen P-2. The residual ultimateitercapacities for Specimens P-1,
P-3 and P-4 were tested to be 67.1kN, 71.2kN arsk8ll respectively.

The temperature in the anchorage zone was monititrédth ends of specimens
during the fatigue loading. It varies with respextthe loading frequency and cycle
count. The temperature of the upper end was dermptddle number ‘1’ and that of
the lower end by the number ‘2’. Using this notatitor example, temperatures of the
upper end anchorage and the lower end anchoragpeaimen P-1 loaded at 8 Hz are
designated as P-1-8-1 and P-1-8-2, respectivelgreviP-1 represents the specimen
number, the number ‘8’ the loading frequency arel ldst number ‘1’ or ‘2’ stands
for the upper or the lower end anchorage. Typicaves of the real-time temperature
on the interface between the tendon and the bondorar in the anchorage zone are
depicted in Fig. 9. The temperature-rise curvesSpecimens P-5, P-6 and P-7 at
different stages are shown in Fig. 10. Some damagges in the bonding mortar and
CFRP tendon under cyclic loading are shown in Fig.

4. Analysis and Discussion

4.1 Static Properties of Anchorage System

It can be seen from the experimental results inerdkthat there is a large variation
(about 25%) in the static anchoring forégsand the mean bonding stress as well as
the failure mode due to the nature of the matearad manufacturing process. In
addition, there is a large difference in the anaberefficiency coefficient which is
applied to evaluate the anchoring performance afailated by [23]
Frest

= Facsion 1)
wheren is the anchorage efficiency coefficieRtey the failure force of the anchorage
system andrgesign the ultimate load capacity of the CFRP tendon daseits tensile
strength as guaranteed by the manufacturer.

Overall, the anchorage system with Adhesive Il mtes a higher capacity than its
counterpart that uses Adhesive I. It can be comduthat Adhesive Il is a better
bonding material. The data from static tests indidhat the anchorages with the
bonding length of 200mm have a higher anchoringcieficy than that with the
bonding length of 180mm or 160mm for 8mm-diametdfRE@ tendons. This
manifests that the length of 200mm is still an @ffe length for such an anchorage



system. In addition, the capacities provided byhangges with the inner inclination
angles of 3° and 4° are close to each other and diothem are superior over the
anchorage with 0° inclination. Thus, the anchoragesited with Adhesive II, the
length of 200mm and the inclination of 3° are vedfto be optimal in anchoring
performance. For such an anchorage design, thagaeidtimate capacity is 85.8kN
with a coefficient of variation of 4.6%.

In fact, due to the influence of such factors agdmatter of materials, machining
accuracy of anchorage assemblies and nonuniforohitiie resin mortar, the tensile
strength of anchorage system may be rather différem one another. In view of the
insufficiency of the acquired statistical data,jstassumed that the distribution of
tensile capacity of anchorages is normal with aalde coefficient of 4.6% for the
above specimens. This results in an estimated atéintensile capacity of 78.2 kN
with a reliability of 95% for such an adhesivelynoled anchorage system.

4.2 System slippage during Fatigue Loading

The results depicted in Fig. 4 and Table 4 indi¢htd the slippage of Specimen
P-1 increases with respect to the cyclic loadinthai gradual decreasing growth rate
until the cycle number exceeds 600,000. Thereatfitwr,anchorage system may be
regarded as stable under fatigue loads. Although gshppage-load curves for
Specimens P-2, P-3 and P-4 are somewhat differehthee required cycle counts for
the system stability under fatigue loading areeddht, all curves exhibit a similar
trend of system slippage; an increasing slippadk rmeispect to cycle counts and then
the increase gradually come close to zero. Besitlesslippages of Specimens P-5
and P-6 increase with respect to cycle count infitls¢ stages until the maximum
slippage and thereafter the slippages become gimatld finally get contained with a
small variation range. This phenomenon implies thatanchorage system tends to be
more stable after fatigue loading. This implies ta@umber of cyclic loading may be
beneficial in improving the synergy of the diffetemomponents (such as the sleeve,
the bonding material and prestressed tendon) iartkborage system.

It can also be seen from Fig. 4, that when the mari fatigue load is 39.6 kN
(50.6% ofF;) and the stress amplitudes < 10.6% off;, the increase of the stress
amplitude may lead to a stable state of the systeriier under fatigue loading. By
comparing the different specimens, we find that

* For Specimen P-1 where the stress amplitude is 2f3fpthe slip stops after
600,000 cycles with a maximum slippage of 0.65mnal, hhe anchorage system
becomes stable finally;

* For Specimen P-2 where the stress amplitude isneeldato 6.1% of;, the
system becomes stable after 200,000 cycles witlmamum slippage of 0.97
mm;

* For Specimen P-3, the stress amplitude of 8.1% ofiakes the anchorage
system stable before 200,000 cycles with a maxirsliypage of 0.74 mm,;

* However, the slippage may increase continuousheuaykclic loading when the
stress amplitude becomes relatively large. For @@nfior Specimen P-4 with a
stress amplitude of 10.6% &f the maximum system slippage is 2.52mm and
the specimen is unstable before 600,000 cyclesaafihg;



* The variation of cycle counts needed for systenbilgg and the maximum
slippage of Specimens P-2, P-3 and P-4 from Specimé indicates that the
stress amplitude influences the fatigue resistarideonded anchorage systems
significantly.

The above phenomena may be explained as followsnihe stress amplitude
and the level of fatigue stress are small, theemse in stress amplitude leads to a
larger relative displacement between the tendod Gemnding material together) and
the sleeve in the initial stage of cyclic loadiiMpst part of the relative displacement
is not recoverable. As a result, the anchoragendsses become closer to one another
in the geometric cone and thus, a greater normassstas well as a greater friction
force are generated on the tendon in the anchasgge This helps to improve the
anchorage tensile capacity. With the resistanceiged by the increased friction
force, the growth rate of the system displacemestrehses gradually until the
anchorage system becomes stable. However, whestrdss amplitude or the level of
fatigue stress is large enough to exceed theirshimd values, the original
micro-cracks in the anchorage assemblies and teefanial debonding will develop
and the damage worsen until failure of the anch®sgtem. During this period, the
system slippage increases continuously with respetie cycle number.

4.3 Effect of Fatigue Loading on Properties of Amralge System

During the tests, fatigue damage was caused bsefieated superficial wear, as well
as by the development of cracks and debondingltiregin the loss of bonding force
and triggering local failure of the anchorage syst®©wing to the higher fatigue
amplitudes exerted on Specimens P-3 and P-4, &atiguinage appeared not only at
the interface between the tendon and bonding nadtért also in the bonding mortar
and the tendon; resulting in either the slidindufa of anchorage system (see Fig. 5a)
or the final fracture of tendon or bonding mortsed Fig. 5b). Sometimes anchorages
failed by both sliding failure and tendon fracture.

The axial strain of sleeve depicted in Fig. 6 appedely linearly grows with
respect to the tensile load before and after thiguea test. However, the axial
strain-load curve obtained after the fatigue text b lower slope. Considering that
there was no damage in the steel sleeve, the semleatrain in the steel sleeve
indicates a slight improvement of the steel sleeveesisting the axial load after the
fatigue test. The sleeve’s circumferential straiad curves before and after fatigue
test do not vary much from each other. But itsdmieature after fatigue test gets
more distinct as the axial loading increases mamoc#édly. This small difference
between the linear characteristic of the curvegesis a stress redistribution due to
slipping of micro particles near the interface betw the tendon and bonding mortar
since the circumferential stress of the sleevelmed to the transverse synergy of the
anchorage components [16]. This also indicatesteerbsynergy of the anchorage
components after fatigue loading.

Based on the comparison of the axial strains ofQRBP tendon before and after
fatigue tests shown in Fig. 7, it can be seenttimatendon’s load-strain curves from
the postfatigue monotonic tensile tests are renmdyldifferent from the original ones.
The latter are strictly linear when the static laadbelow 30kN while nonlinear



characteristics of the load-strain curves were esk after fatigue test. When the
entire tensile load is less than 50kN, the strdithe tendon rises slowly. Once the
load is beyond 50kN, the strain rises rapidly vatsharply lower slope. This variation
indicates that when the entire tensile load is lothkean 50kN, the force taken by the
CFRP tendon is much smaller than that before thguia test, while a bigger part of
the entire load is borne by the adhesive and teevsl of anchorage system. The
anchorage system bears the total load throughytergistic action of the tendon, the
bonding material and sleeve. It is thus clear tte#t synergistic action of the
anchorage system is improved by the cyclic loadihmwever, the slope of the curve
decreases when the tension is close to the fdiha@ The possible mechanism for
this observation is the occurrence of local damageh becomes serious (i) in the
bonding mortar, (ii) in the tendon and (iii) on theerface between the bonding
mortar and the tendon with the propagation of maaxrks in the anchorage system.
The damage is accompanied by an increase in tifi@csuarea for debonding and by
the degradation of mechanical properties of bondnagtar as well as the interfacial
properties between the bonding mortar and the ten@onsequently, the load
undertaken by the bonding mortar becomes small@raalarge portion of the entire
load is redistributed to the CFRP tendon becauskeits a strong resistance to fatigue.
Consequently, the ultimate tensile capacity of $ipecimen after fatigue loading
becomes less than the initial ultimate tensilarstra

In fact, the residual capacities of Specimens P-3,and P-4 decreased by 5.3%,
17.9% and 8.7%, respectively, compared to thetiaintensile capacities; i.e. an
average decrease of 10.6%. Among Specimens P-larfet®-4, Specimen P-1 had
the lowest stress amplitude and the smallest sippaits anchorage zone. Therefore,
there is less wear at the interface between thdoteand resin mortar. This explains
why the tensile capacity of Specimen P-1 exhibiterlsmallest decrease. In sum, all
these results indicate that the anchorage systémantbonding length of 200mm, an
inclination of 3° and Adhesive Il is able to maintdhe tensile capacity rather well
during cyclic loading. This finding demonstrateattthe anchorage system performs
very well against fatigue loading and so this amabe system is reasonably
acceptable for 8mm-diameter CFRP tendons.

From Fig. 8, the slippage-load curves of Spensn&1, J-2, J-6 and J-8 (before
fatigue test) are basically linear at the earlgstaut the slippage increases abruptly
and irregularly when the tensile load is closehe titimate tensile capacity of the
anchorage system. In contrast, the slippage cuwfe&3pecimens P-1, P-2 and P-3
(after fatigue test) are more regular at the estdge, and their knee points (sudden
change in slope) appear in advance. These cureslarost linear with a small
slippage until the applied stresses reach theirimax fatigue stresses. After that, the
specimens begin to slip sharply until the failufeh® anchorage system; featuring a
slightly lower average ultimate tensile strengthnisTillustrates that the slippage
resistance of the bonded anchoring system doesdroptafter fatigue loading when
the static load is below the maximum fatigue lod&tbwever, the anchoring
performance may decline when the service load escbee maximum fatigue load.



Therefore, the cyclic loading in a low-stress staiproves the synergistic action
of the anchorage components and the stability ®fatichorage system. This finding
is consistent with the earlier researchers’ [34hatesions. However, the cyclic
loading with a high-stress amplitude may reduceakial stiffness of the anchoring
system; thereby leading to a bigger fatigue danwgeven an abrupt failure of the
anchoring system.

Below, the technical explanation for the behavibth@ anchorage system under
fatigue loading is given. Under cyclic axial loaglinstress concentrations are
developed at the interface between the CFRP teaddrihe bonding mortar, or at the
interface between the bonding material and sleasewell as in the resin mortar
where micro bubbles and microcracks exist. ConsgiyeMode-II cracks (or
micro-slipping cracks) may appear prematurely gsthaforementioned regions under
fatigue loads. These microcracks may continue teeld@ under repeated tensile
loads as well as shearing and contact stressemdetala partial debonding failure.
Consequently, the system slippage increases or theeranchorage system fails.
Figure 11(a) shows the partial debonding failurénmadhesive region that is close to
the interface between the tendon and resin matar Fig. 11(b) shows a macrocrack
formed on the surface of the tendon where we decan amazing counteracting
effect from the notches on the tendon surfacedacemg the crack width.

Cyclic longitudinal movements of the tendon in thsin mortar will produce and
accelerate the interfacial debonding. The debondiegjons wear down in the
continuing cyclic loading. The fretting damage aes the coefficient of friction
along the debonding surfaces from a slight increaséhe beginning stage to
degradation in the long term. Consequently, danoageren an irrecoverable slippage
Is produced in the anchorage system. However, agioned earlier, the anchorage
system can become more stable after cyclic loadimgss the stress amplitude is too
high to lead to the failure of the anchorage sysfténis paradoxical stability may be
explained by the extension of the debonding surfaesed by the development of
micro-cracks, which brings out the following intstiag effects:

* The local microstructure of the interface may slalde broken under cyclic
loading, resulting in the accumulation of debrisrg the interface and the increase of
the coefficient of friction. This enhances the isigiresistance of the anchorage
system. Although it is difficult to measure the daye in the anchorage system
because of the uneven distribution of bonding stireshe anchorage zone, the debris
accumulation of other epoxy-based composite madehias been observed in fatigue
tests [35, 36].

* As the fatigue resistance of the resin-based nads$es far lower than that of
the fibers, more microcracks appear and develgperbonding mortar. In addition,
partial debonding failure occur more frequentlyhe interface between the fiber and
the resin mortar. These two factors relieve thesstrconcentration in the anchorage
system and thereby enhancing the anchoring capditgport for this mechanism
was partly obtained from the multiply failure modgspeared in the anchorage system
after fatigue tests instead of the appearance @hwmain failure mode.

* A repeated loading within an appropriate level adjust the possible bias of



the system by promoting a more orderly arrangerénle micro-structures of the

bonding material along the principal axis and timgroving the uniformity of stress

distribution. A higher strength and stiffness coblkl obtained for the system in the
initial loading stage, which can be confirmed palty a more uniform change of the
circumferential strain of the sleeve after cychgah tensile loading as shown in Fig.
6.

On the other hand, the application of a very latess will seriously reduce the
ultimate anchoring capacity of the system due sweedormation of macro-cracks and
the debonding surface throughout the interface whihiead to either slip failure or
fracture failure of bonding material or tendon.

4.4 Effect of Loading Frequency on Temperature Risenchorage Area

As shown in Fig. 9, the temperature rise increasethe rise of loading frequency
during the cyclic loading. The temperatures attiih@ anchorage ends increased very
slowly when the loading frequency was 8Hz and redctieir maximum values at
about 430,000 cycles and 450,000 cycles, respéctiVaereafter the temperatures
remained almost constant. The average maximum tetype rise was 1.2°C during
the whole fatigue loading process. The same terydeas obtained when the cyclic
loading frequency was 10 Hz. The temperature alsceased slowly at the starting
phase until both maximum temperatures were reaahd80,000 and 430,000 cycles,
with the respective temperature rise of 1.4°C altid@ After that, the temperature
fluctuated slightly about the maximum temperatuneficating a stable state of the
system under fatigue loading. However, when thdifgafrequency was increased to
12 Hz, the temperatures in two anchorage ends wentemarkably at the starting
phase and was accompanied by a large growth railethen maximum temperatures
were reached at 187,000 and 65,000 cycles. Thenmuaxitemperature rise was
5.9°C for the upper anchorage end and 4.0°C forldleer anchorage end. After
reaching the maximum temperature, the temperaercedsed gradually with respect
to the cycle count. Finally, the temperatures dhlanchorage ends were stable after
490,000 cycles.

Based on the results from the staged fatigue sksds/n in Fig.10, the following

conclusions may be drawn:

* Generally, a higher loading frequency with the sastress ratio results in a
higher temperature rise, which is consistent vhh ghenomenon shown in Fig.
9. Therefore, the influence of loading frequency tbe temperature rise is
significant, especially when the loading frequergcgnore than 10Hz.

» Temperature rise varies pronouncedly in differeatling stages. Under the two
loading conditions in this case, the temperatusesrifairly slowly in the first
two stages despite of the big scatter. In the tluadling stage, the temperature
increases sharply and reaches its maximum valuélyafi is worth mentioning
that the third stage of the Specimen P-5 correspomdhe cumulative cycles
from 400,000 to 600,000, with a maximum temperatise of 3.2°C. The third
stage of Specimens P-6 and P-7 corresponds tathelative cyclic count from
350,000 to 600,000 with the maximum temperature ok 3.1°C and 3.5°C,
respectively. In the fourth and fifth cyclic loadistages, the temperature rise of



Specimens P-6 and P-7 changes slightly. Since pgkeiraens were reloaded
only after the dissipation of inner heating cumediatn the previous stages, it
can be concluded that the inner friction heatingnsduced unevenly during
cyclic loading. The intensive phase of inner foati heat is from the

early-to-mid stage. The production of the innectfon heat at the late stage
nearly balances the heat dissipation of the angeasgstem.

» It is worth noting that the total temperature risestaged tests with the same
stress ratio (Specimens P-6 and P-7 in Fig. 1Bjgiser than the counterpart in
the continuous fatigue loading tests (SpecimenifHg. 9). The main reason
for this is that the rate of heat dissipation fpe@men P-4 is faster than that for
Specimens P-6 and P-7 because of the much highmretature peak in the
continuous loading tests. This observation embothieseffect of balance of
heat generation and heat dissipation on the teryperase.

As presented in the continuous loading tests, #mperature variation in the
anchorage system was affected by the loading frejuand stress amplitude. When
the loading frequency is high, the specimen do¢dawee sufficient time to lower the
stress concentration or to redistribute the stwssncreasing microcracks and local
debonding damage. Moreover, the system has lessttirdissipate the generated heat.
Thus, the strength and stiffness of the specimenhardly improved at the initial
stage.

With regard to the sources of the inner frictiorathen the adhesively bonded
anchorage system for resin-based CFRP tendonsgdeyatic loading, there are three
ways in which the friction heat is generated:

» the relative slippage between the fiber and therimmand between the CFRP

tendon and bonding mortar;

« friction between the debonding surfaces; and

« friction between fractured fibres under high stressigh stress amplitude that
breaks the fibers.

Therefore, a higher loading frequency leads toptteeluction of more friction heat
in the anchorage area for a given time period. rhiarn accelerates the development
of microcracks and system slippage as well as #gradlation of the mechanical
properties of the composite materials due to timsigeity of the applied resin in the
bonding mortar and CFRP tendon to heat. In addiohigh stress amplitude plays
the same role during the fatigue loading because serious debonding and cracking
often occur in the anchorage zone while keepingdther loading conditions constant.
Consequently, specimens subjected to cyclic loaditig a high frequency or a high
stress amplitude (such as Specimen P-4) suffer ulamage and experience higher
friction heat releases. The temperature rise is a&ised by the unbalanced status
between the generated friction heat (which is eelatith loading conditions, such as
frequency and stress amplitude) and the heat dissipcapacity (due to conduction
and convection) in the same phase. However, one neggrd the variation of the
temperature rise as an indicator on the extentiofastructural damage based on the
following considerations:



* The temperature is measured in real time on trexfade between the tendon
and the bonding mortar and thus, the temperatuiativa is highly dependent
on the real-time interfacial friction heat.

* As both tendon and bonding mortar in the ancho@ga are sealed by the
sleeve, the heat dissipation by convection canappén; thereby decreasing the
inner heat dissipation capacity of the anchoragéesy.

» The heat conduction capacity is highly relatedhi difference in temperatures
between the outer surface and the friction surfacéhe early stage of loading,
the heat dissipation capacity is weak due to thellstemperature difference.
Consequently, the temperature rise in the earlgestaainly depends on the
interfacial friction heat. Thus, the temperaturgercould indeed be used as an
indicator for the extent of structural damage.

* In the mid-stage of loading, the heat dissipatiapacity increases with respect
to the temperature difference. Thus, a unit tentpegarise in this mid-stage
implies that more friction heat is generated instrecture than that in the early
stage. In this respect, the increase in temperatise indicates a fast
development of structural damage. Moreover, a higate of temperature rise
is an indicator of a more serious damage.

* When the heat generation is equal to the heafpdissn, there is no temperature
rise. This is the moment when the heat dissipataches its maximum and the
development of structural damage slows down um@# &nchorage system
reaches a stable state.

The above posit may be validated by comparing ¢ngoerature variation and the
system slippage. Figure 12 presents a comparisaheotemperature rise and the
system slippage of Specimen P-4 under cyclic laadith the loading frequency of
12Hz. The curves may be divided into three phases

* Phase I: The maximum growth rate for the systeppalje appears. Also
the temperature increases rapidly to the maximuoreva

* Phase Il: System slippage continues to increaseniibta lower growth
rate (which means the generation rate of the émctheat slows down).
Simultaneously the temperature keeps stable or elemtines (which
means the rate of heat dissipation is increasimgirmaously and may even
begin to exceed the generation rate of the frichieat).

 Phase lll: Both the temperature and anchorage mystippage are
basically stable (which means that there is a eglu@ between heat
generation and heat dissipation and no new damager in the
anchorage system).

The comparison of the results in Fig. 12 indicdhed the temperature variation is
related to the sliding and internal damage of theharing system although it is not
completely synchronous with the system slippagetduke effect of heat dissipation.
This supports the conclusion that the loading fezmy and fatigue stress amplitude
have similar effects on the microstructural damage on the friction heat. The trend
in the variation of the inner temperature reflettts extent of the microstructural
damage in the anchorage zone to some extent.



It is worth noting that for specimens subjectedathigh-frequency high-stress
amplitude loading, the friction heat at the integfanay result in a large growth rate of
interfacial temperature. The difference between ititernal temperature and the
external temperature becomes larger which leadsantoincreasing rate of heat
dissipation. When the rate of heat transfer betpnexceed that of heat production,
the interface temperature may decrease with a |tnaesfer rate. This explains why
there is a descending phase in the temperature ¢arvSpecimen P-4. Finally, the
interfacial temperature becomes stable when thé d¢wmaluction balances the heat
production.

5 Conclusions

Experimental investigations were performed on aidlegsbonded anchorage systems
for CFRP tendons under cyclic axial tension-tendioading. The following key
conclusions may be drawn:

» The anchorage system with a bonding length of 200an inclination of 3° and
Adhesive Il was recommended for 8mm-diameter CF&tieldn due to its excellent
static anchoring capacity, as well as good fatigséstance.

» Stress amplitude affects the system slippagebafina@led anchorage system. The
anchorage system tends to be stable under fatmpging provided that the stress
amplitude is fairly low. A measured amount of stremmplitude improves the
performance of the anchoring system by stabilizirggsystem earlier.

» The axial tension-tension loading will reduce thigmate anchoring capacity.
The reduction primarily depends on the stress dogdi If the stress amplitude and
the maximum fatigue stress are fairly low, the amage system can maintain the
tensile capacity well under repeated loading.

* The temperature rise of the anchorage is stromglgted to the loading
frequency and the stress amplitude. On the comditi@at the stress amplitude is
below the fatigue threshold, the temperature rss@at obvious when the loading
frequency is low (say 8Hz or 10Hz). However, theiateon of temperature will
become pronounced when the loading frequencysedaio 12 Hz. Moreover, friction
heating occurs mainly at the early- and mid-stafjeyalic loading. There is little
change in temperature at the latter stage of cl@diding.

* A temperature rise is associated with irrecoveratdenage in the anchoring
system caused by fatigue loading. The concentrabibifriction heating is quite
different in various phases of the loading procEssther studies should be performed
to establish the quantitative relationship betweentemperature rise and the damage
in the anchoring system, as well as the loadinglitons. The studies should include
experimental investigations and the application mésoscopic mechanics and
three-dimensional heat conduction theory.
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(a) Debonding in adhesive close to interface (b) Cracks in CFRP tendons
Fig. 11 Damage in anchorage system
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Table 1 Physical and mechanical properties of CteRBons

Diameter Longitudinal Longitudinal Longitudinal Transverse Transverse

Surface of tendon uTs modulus Poisson’s modulus Poisson’s
(mm) (MPa) (GPa) ratio (GPa) ratio
Depressed 8 1800 147 0.27 10.3 0.02

Table 2 Structural parameters and results of spawnm static tests

. L Bonding i
Specimen I Inclination ) F n Failure
number  (mm) ©) Adnesive ) SUESSo6)  mode
(MPa)
J-1 200 3 Adhesive I 70.9 14.11 78.4 Il
J-2 200 3 Adhesive 1 70.6 14.05 78.1 I
J-3 200 3 AdhesiveIl 86.7 17.26 95.9 Il
J-4 200 3 Adhesivell 89.3 17.77 98.7 Il
J-5 200 3 Adhesivell 85.6 17.04 94.7 1
J-6 200 3 AdhesiveIl 81.8 16.28 90.5 Il
J-7 200 3 Adhesivell 79.4 15.80 87.8 1
J-8 200 3 Adhesivell 91.8 18.27 101.5 I
J-9 200 4 Adhesivél 90.1 17.93 99.6 1]
J-10 200 0 Adhesivél 75.4 15.00 834 Il
J11 180 3 Adhesivel  82.1 18.16 90.7 I
J-12 180 0 Adhesivél 68.5 15.15 75.8 Il
J-13 160 3 Adhesivél 78.5 19.53 86.8 Il
Table 3 Loading conditions for fatigue tests
Specimen Maximum Minimum Stress Frequency  Testing
number  LoadF . LoadF, Amplitude f device
(kN) (kN) Ac (Hz)
(MPa)
P-1 39.6(50.6%,) 36 (46.0%F,) 36(2.3%f;) 8 PA-500
P-2 39.6(50.6%F,) 30 (38.3%F,) 96(6.19%f;) 10 PA-500
P-3 39.6(50.6%F,) 27 (34.5%F,) 125(8.1%F) 10 PA-500
P-4 39.6(50.6%F,) 24 (30.7%F,) 156(10.69%;) 12 PA-500
P-5 39.6(50.6%F;) 30 (38.3%F,) 96(6.1%f,) 10 MTS-809
P-6 39.6(50.6%F;) 24 (30.7%F) 156(10.69%;) 12 MTS-809

P-7 39.6(50.6%F,) 24 (30.7%F,) 156(10.694) 12 MTS-809




Table 4 Maximal system slippage during fatigue lngqunit: mm)

Cycles 10k 50k 100k 200k 300k 400k 500k 600k 700k

P-1 0.148 0.314 0.406 0.489 0.542 0.592 0.631 0.645651
P-2 0.848 0.895 0.921 0.949 — — — — —
P-3 0.655 0.686 0.706 0.718 0.722 — — — —
P-4 0.99 1.271 1.477 1.679 1.787 1.870 1.935 1.958976
P-5 2.848 2.895 2.921 2.949 2.850 2.867 3.982 4.4283542
P-6 2.824 2.867 2.892 3.741 4.108 4.015 3.580 3.484—




