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ABSTRACT

¥zg¢r YURDAKUL

University of Pardubice
Department of Transport Structures

The effect of inherent uncertainties in material properties on the global response
of substandard reinforced concrete (RC) structural members was investigated
by the stochastic study. An experimentally validated finite element model
(FEM) was, therefore,anbined with a suitable stochastic sampling technique
(Latin Hypercube Sampling (LHS)). Then, the effect of inherent uncertainties
on the material mechanical properties was studied by uncertainty analysis,
while the uneven distribution of concrete mechahiproperties over the
specimen was accurately characterized by random fields theory. The partial
correlation coefficient between material parameters and response variables was
also evaluated to outline the parameters which mainly contribute to the global
response (i.e., sensitivity analysis). Such an advanced modelling strategy was
implemented on three different testing programs comprising RC members
designed with structural details and material propertiescoaforming to
current codes and guidelines.€lfirst testing program deals with experimental
performance of an oveeinforced and shear critical beams together with
stochastic assessments of beam members via computational stochastic
mechanics. The effect of uncertainties on the response of shiéeal @nd
carbon fiber reinforced polymer (CFRP) retrofitted beaotumn joints, which

were selected from available testing programs in the literature, was also
discussed. The stochasbased numerical prediction of bedype RILEM

bond specimens charadieed variability in the identical tests satisfactorily.
Owing to the more realistic assessment capability of the stoctestar
nonlinear finite element (FE) analysis, the global response of the substandard
RC members (overeinforced and shear criticaéams; shear critical and CFRP
retrofitted beanrtolumn joints; beartype RILEM bond specimens) was
accurately reproduced.

Keywords: Reinforced Concrete, Substandar&ensitivity; Stochastic
Assessmentinite Element Method, Nonlinear Analysis, Uncertainty, Random
Fields
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1 INTRODUCTION

According to the capacity design principles specified in most modern
codes and guidelines, structural members should exhibit a duspilense. The
requirements to meet the ductile behavior and design principlesaedelly
described in the relevant documents. However, a significant portion of RC
buildings in the existing building inventory of both developed and developing
countries have specific deficiencies at theal level, which usually cause
premature failure ofstructural members. Severe damaafethe member
remarkably violates the integrity of the structural system. The obvious
outcomes are poor energissipationand sudden degradation of strength and
stiffness. As local damages also actuate the global faitneghanism,
investigating the behavior of substandard members is essential. Based on field
observations and laboratory tests, capacity design principles have earmarked
deficient RCmembers as critical componemisthe momentesisting frames.

It is, therebre, important to pay enough attention to the assessment of RC
members with local deficiencies.

Several attempts have been made to investigate the response of
substandard RC members by using experimental and numerical methods.
However, further developmentire urgently needed due to the randomness in
either material properties or strength distribution over specimen geometry.
Therefore, a more advanced method, which combines the nonlinear FEM with
the stochastic sampling technique, is required. Owing tontbee realistic
assessment capability of the stochabtised nonlineafE analysis, which is
available in usefriendly computer tools, reproducing the structural response
of substandard members using computational stochastic mechanics could yield
more acurate results for assessment purposes. Therefore, a focus on the
probabilistic nonlinear computer simulations should be given.

In this study, different kinds of failure modes in substandard RC members
were assessed by using stochastic approaches. Faoedisisn, the nonlinear
FEM was combined with a suitable stochastic sampling techrfimu¢he
realistic prediction of the structural response in substandard RC members.
Overall, the effect of inherent uncertainties on the material mechanical
properties wastudied by using uncertainty analysis, which leadsht@ining
the basic statistics of response variabld®e sensitivity of material properties
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on the global response was atmeasured by evaluating the partial correlation
coefficient between materigdarameters (i.e., input variables) and strength
parameters (i.e., response variables). Moreover, the uneven distribution of
concrete mechanical properties over the specimen was accurately characterized
by random fields theory, which establishes weakerstrwhger spots over the
specimenAll of these provided a broad perspective in assessing the results.

The stochastic approach was implementedthree different testing
programs. The first testing program deals with enednforced and shear
critical beans. The experimental performance of two substandard beam
specimenswas first obtained and then accurately reproduced in the FE
environment. The effect of inherent uncertaintiesrabteriallevel for an over
reinforced and shear critical beam, and the anedistribution of concrete
mechanical properties over the shear critical beam were handled by an
uncertainty analysis and random fields approach, respectively. The stochastic
assessment of shear critical and CFRP retrofitted toedinmn joints, which
were selected from available testing programs in the literature, was also
investigated. The experimental performance of shear failed joints, and CFRP
fracture was closely estimated by using the stochastic approach. The relative
impact of each material propessi on the shear critical and CFRP retrofitted
joints was then provided, which remarks the most critical material parameters
affecting the global response. The third testing program focused on the
stochastiebased numerical prediction of bedype RILEM bord specimens.

The proposed bond streskp relations, which were evaluated from the
experimental data, were first implemented in the FE models. Thus, the
deterministic numerical models accurately reproduced the experimental
performance of confined and umdmed specimens under cyclic and
monotonic loading. The variability in the identical tesias satisfactorily
characterized by the stochastic assessment.

To conclude, the stochastic approach described in this study was
implemented on three different testing programs. The performance of the
advanced assessment method on different failure modes, which combines the
norlinear finite element method with the stochastic sampling technique, was
evaluated.
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2 MODELLING PARAMETERS

As the computeaided nonlinear analysis is now available for RC
members, refined numerical models allow for reproducing the response of
substandard nmebers with satisfactory accuracy. This chapter briefly presents
the numerical modeling strategies in a wisindly computer tool ATENA
software[1], used for different RC members that hamhibited different
failure types.

The concrete geometry was modeled using the hexahedral element
CClsoBrick The constitutive models of tensile and compressive behaviors
were combined inCC3DNonLinCementitiousZa fractureplastic concrete
model) in the software. Moreover, tlikeinforced Concretenaterial model
provides an opportunity to model the reinforcement in a smeared ma&mer.
elliptical hardening and linear softening behaviereassumed in defining the
uniaxial compressive behavior of the concri@e Accordingly, a straifbased
hardening response was followed bydigplacemenbased linear softening
response in compressive. The relation in the form othessiarcurve was
implemented to reduce the compressive strength in cracked concrete while its
parameters were obtained from available literafBi4]. Menetrey and Willam
criteria [5] was implemented fothe definition of the failure surface in the
numerical modelThe behavior of plain concrete under tension was assumed to
be uncracked in the elastic region while an exponential softening response
between the stress in the cracknd crack widthw was adpted in the post
elastic regiorj6]. The crack width at complete stress reta: was evaluated
by the relation between fracture enef@and displacement [6]. The smeared
crack concept in combination with crack band thg@tywas implemented in
the software for the straidisplacement relation. The stress in the crack is not
completely releagkin the heavily reinforced members due to the strength
provided by the reinforcing bar. Therefore, tensile softening behavior was
modified accordingly in the beam and column by usingéfetionproposed in
CEB-FIP Model Codg8].

The longitudinal reinforcing bars were defined as truss elements with a
bilinear elastoplastic model, considering the hardening behavior. It was
modeled as a discrete reinforcement embedded in dherete geometry.
Menegotto and Pint®] model for thenonlinearcyclic material behavior of the
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reinforcing steel was employethe reinforcing bar was fyllconnected to the
surrounding concrete geometry with the limited bond strength, which is defined
by aCCBarWithBondype elemenfl].

The CFPR sheets were modeled using membrdeeneats with
composite material properties. Namely, the CFRP was defined by the
smeared reinforcement concept by fReinforced Concretenaterial model,
which combines the brittle material with reinforcem§t®]. Therefore, the
brittle response of epoxy resin was defined as that of a fracture/plastic material
(i.e.,CC3DNonLinCementitiou32while the CFRP was modeled as a smeared
reinforcement. The bond between the concrete surface and CFRP sheet was
characteried by inserting a supplementary surface (an interface) between the
two materials. The interface material is based on Maduwlomb criterior11].

The efficiency of the numerical model is strongly related to the mesh size
as it has vital importance on the accuracy of numerical results. The mesh size
was optimized by trying diéfrent mesh size until the variation in the computed
maximum load is minimized

3 STOCHASTIC STUDY
3.1 Uncertainty Analysis

The randomness in the material properties can ibeulated by
computational stochastic fracture mechanics. Heree deterministic model
wasevolved to the stochastic level. Sets of input parameters were simulated by
a stratified sampling technique (i.e., Latin Hypercube Sampling (LHS)) using
defined disribution functions.The deterministicvalues with their distribution
and the correlation among the material parameters are presemntddef, and
Table2, respectively. Those abased on experimental observations, Ftikll.

[12], fib Bulletin No.22[13], Gulbrandserj14], Atadero and Karbhafil5],
Baji et al.[16] and Joint Committee on Structural Safety (JC33).

A set of loaddisplacement curves was achieved as the outcome of the
performed analyses with generated samples. The distribution of the ultimate
load (i.e., response variable) corresponding to each cycle was obtained from
that bundle. Moreover, basic siits of theresponsevariable (e.g., mean
value, standard deviation, and PDFs of capacity) were provided. Finally, the
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Spearman rankrder correlation coefficient between the generated input and
responseariables was found.he major material parameteanisaracterizing the
overallbehavior of thespecimensvere thus provided.

Tablel. Material properties as random parameters and their statistical distributions

Parameter Mean Value® cov Distribution
Concrete
Elastic ModulusEc (MPa) 470@8 §[18] 0.10 Lognormal (2 Parameter)
Tensile strengtH (MPa) 0.3 [8] 0.30 Lognormal (2 Parameter)
Compressive Strength,(MPa) ggg Ejg 0.15 Lognormal (2 Parameter)
Fracture EnergyGs (N/m) 73018 [8] 0.25 Weibull (2 Parameter)
Compressive Straift}o (mm/mm) fo/Ec [2] 0.15 Lognormal (2 Parameter)
Plastic Displacementys (m) Linear[19] 0.10 Lognormal (2 Parameter)
Reinforcing Steel
Elastic ModulusEs (GPa) 190.9 0.07 Lognormal (2Parameter)
Yield Strengthfy (MPa) 295.5 0.07 Lognormal (2 Parameter)
Ultimate Strengthfu(MPa) 437.5 0.07 Lognormal (2 Parameter)
Ultimate StrainC (mm/mm) 0.21 0.07 Normal
CFRP
Elastic ModulusEs (GPa) 230 0.08 Lognormal (2Parameter)
Tensile Strength; (MPa) 4900 0.08 Lognormal (2 Parameter)
Effective thicknessts (mm) 0.111 - Deterministic
MBT-MBr aceE Adesivo (Saturant)
Elastic ModulusEas(MPa) 1800 0.10 Lognormal (2 Parameter)
Compressive Strengtfias(MPa) 80 0.15 Lognormal (2 Parameter)
Tensile strengthfetas (MPa) 12 0.30 Lognormal (2 Parameter)
Fracture EnergyGras(N/m) 100[20] 0.25 Weibull (2 Parameter)
Compressive Straittjos (Mm/mm) feadEas [2] 0.15 Lognormal (2 Parameter)
Plastic Displacementys (m) Linear[2] 0.10 Lognormal (2 Parameter)

Table2. Correlation coefficients among the random parameters

Concrete and Adesivo (Saturant) Steel CFRP
Ec fc fct Gt Qo Es fy fu l:A Es ff
Ec 1 0.7 0.60 0.40 0.90 Es 1 0 0 0 Et 1 0.31
fe 1 0.70 050 0.90 fy 1 07 04 fi  SYM 1
5 5
fot 1 0.80 0.60 fu SYM 1 0.6
SYM 0
Gt 1 0.50 V] 1
Uo 1
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3.2 RandomFields Theory

The response of the structural member is influenced by the uneven
distribution of the concrete mechanical properties. For this purpose, the
uncertainties in the distribution of the concrete mechanical properties over the
specimen were descel as random variables. This randomness was considered
via the random fields approag®l]. The samples from the statistical analyses
were the input parameters (listedTiable1) for the nonlinear FE solutions. In
the refined numerical mads, these input parameters were not distributed
evenly,but were established as weaker and stronger regions over the specimen.
In other words, the concrete mechanical properties changed with the geometric
coordinates, causing variability over the specimiére random fields for each
prominent material parameter were generated in FR2HTThe deterministic
model was then modified IBARA Studio[23], whichinterfaces the statistical
analysis (i.e., FReET results) to FE software, enabling probabilistic nonlinear
analyses.

4 CASE I: BEAM TEST

Two different failure modes of RC beam members, which include
concrete crushing due to reachthg limit strain of the concrete in compression
and excessive shear failure, were examined using experimental and stochastic
methods.

4.1 Experimental Program

A selies of tests on the shear critical and essnforced beams were
conducted in cooperation with Structural Mechanics Laboratory, Department
of Civil Engineering, Eski keTher Te
experimental program consists of a fqaint bendhg test on the shear
deficient and overeinforced substandard RC beam speciméfisle the shear
critical beamwas designed without any transverse reinforcement to achieve
excessive shear failure by exceeding the tensile strength of the concrete, the
over-reinforced beam wadesigned with reinforcement detailing, resulting in
concrete crushind he specimens were constructed from low strength concrete.
The details of thepecimensre depicted ifrig. 4.1a and b, respectively.
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Fig. 4.1. Reinforcement scheme and dimension details (a) shear critical specimen, ER)\RHt&inforcer

specimen, EB_C

The summary of the test specimens is presentédie4.1.

Table4.1. Description of test specimens

Specimen
EB R EJ C
Description Shear Critical OverReinforced
Reinforcement Scheme Fig.4.1a Fig. 4.1b
Concrete Compressive Strengfih(MPa) 15.0 17.1
Elastic ModulusEs (GP3 200
Yield Strengthfy (MPa) 460
Ultimate Strength, (MPa) 632
Ultimate Strain3 (mm/mm) 0.17
Beam Dimension 150 x 250 x 2500 mm
Longitudinal Reinforcement 2¢16+2%8 4£16+28
Transverse Reinforcement £8@50, 680 £8/70

1820 and2450 mm

Application of Displacement
Loading Protocol

Four-Point Bending

Monotonic

Failure Mode

Shear Failure

Concrete Crushing
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4.2 Over-Reinforced Beam

The exhibited performance of the specimen was a brittle type of failure as
a result ofconcrete crushing caused by reachinglithé strain of the concrete
in compression Kig. 4.2a ) . The stress distributi
longitudinal axis and crack pattern are depicted Rig. 4.2b. The resulting
failure mode was predicted well by the numerical assessment. Concrete
crushing in the compression zone was in good agreement with the compressive
stress distribution obtained from FE analysis. The flexural hairlengksrin the
tension zone were also captured by the numerical solution.

crushed area by isolines

(b)
Fig. 4.2. (a) Concrete crushing in the ov@inforced beam (b) numerical prediction at failure

The deterministic FE model, which was modeled with the average values
of the material parameters, matched well with the experimental capacity with
anerror of10%. The set of loadisplacement curves formedandaround the
deterministic model, which waaso covered by the experimental resufis (

4.3). The stochastic bundle also provided the upper and lower boundaries of the
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load, corresponding teach displacement level. The scatter was higher in the
subsequent displacement due toseffectof different nonlinear mechanisms.
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Fig. 4.3. Set of loaedisplacement curves verreinforcedbeam

4.2.1 Reliability Analysis of OveiReinforced Beam

The PDF of the load, whicborresponds tthe critical deflectiorL/250
described irEN 19921-1 [24], was obtained from the stochastic bundle. After
that, the safety margin was obtained by subtracting capacity (i.e., resistance)
from demand (i.e., loadfinaly, the load corresponding failure probability,
related to the irreversible serviceability limit state, was computed as 73.5 kN
(Fig. 4.49). Namely, tle values smaller than 73.5 kN are safe according to the
reliability conceptThe PDF of the ultimate loads is found as well for the -over
reinforced bean(Fig. 4.4b). The load corresponding failure probability, related
to the irreversible serviceability limit state, was computed as 79.2 kN.

8 T —a T T o T
2 - o & 2 - N o
ne G+ i $ o ||+
6 ¢ L o 2 I ES > E
> -
5 | et
5] 8 |t
>4 | S |
o o !
o IS
I I 2F,
2 | :
'
'
'
0 0

50 60 70 80 90 100 80 90 100 110 120 130
Ultimate Load (kN) Ultimate Load (kN)
Histogram Rayleigh Negative Histogram Beta

Mean Value —— Design Resistance Mean Value —— Experimental Data

Fig. 4.4. PDF of(a) serviceability limit stat¢b) ultimate limit state
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4.2.1 Sensitivity Analysis of OveReinforced Beam

The relative impact of concrete compressive streffigthias the most
considerable among others as it has the highest correlatgpd.6). Thus, the
experimental and numerical responses, which were characterized by concrete
crushing due to reaching the limit strain of concrete, were also ascertained by
the sensitivity analysis he tensile strength of concréggnfluenced the global
response remarkably. It is worthy to mention that flexural cracks also appeared
during the test. Thus, the tensile strength of condggtecame critical up to a
certain level of displacemenfhe sensitivity measures on the remaining
materials showed a low correlation coefficient. Thus, their relative impact on
the global response was not significant.

1

0.8

0.6

0.4

Correlation Coefficient

0.2

0
Es fy fu Ec fet fc Gf
Material Parameter

Fig. 4.5. Sensitivity of materiaproperties in EB_C

4.3 Shear Critical Beam

The spatial variability of the concrete mechanical properties along the
specimen vitally affects the capacity, initial stiffness, and ultimate displacement
of the specimen. These behaviors were clearly identifiethénpresented
stochastic bundle of loadisplacement curves. The randomized concrete
strength did not influence the linear response of the specimen, but remarkably
affected the nonlinear response of the conciiéte.sheafailure caused severe
damageon the left side of the beanfrig. 4.6a). On the other hand, the crack
pattern in the deterministic FE analysis was distributed almost evenly on both
sides of the specimerFig. 4.6b). The random fields theory accounts for
variability in the concrete mechanical properties. The possible crack patterns i
some of the selected analyses are present&iyird.6c. As depicted in the
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figures, the crack pattern obtained in each analysis considerably éepemd
the randomness.

N22 N30
Fig. 4.6. Damage state at failure: (a) experiment (b) deterministic modedridpm fields

Fig. 4.7 shows the range of loatisplacement curves for beams with
different material properties. The stochastic approach provided the possible
ranges of loadlisplacement curves. As the geometrpagition of the weakest
spot defines the failure mode and capacity, the-ttigglacement curves in the
stochastic analysis did not form a band around the deterministic niddel.
important point in such predictions is that the experimental retsulie sed
for the assessment of the member (i.e., the observed initial stiffness, peak load,
failure mode, and crack pattern) could be covered by the stochastic model.
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Fig. 4.7 Set of loaddisplacement curves

5 CASE II: JOINT TEST

The effect of inherent uncertainties in material constitutive models on the
response of substandardtasit and CFRP retrofitted RC beatnlumn joints
was investigated through a stochastic study.

5.1 Selected Experimental Tests

The experimptal tests used to validate the proposed numerical models
collected from two different testing programs previously conducted by the
author: Yurdaku[25], YurdakulandA v k[2627], and Yurdakukt al.[28].

The full-scale test specimens, which reprégba exterior bearasolumn joint,

were constructed by considering the most common deficier@esmetrical
parameters and material properties were selected in such a way that they would
characterize the construction practices of the existing deficiem-belumn
subassemblie@-ig. 5.1a and b)

5.1.1 Structural Retrofit

The design philosophy in the rehabilitation of specimens is to attain the
initial capacity,upgrading the performance of structural members, delaying or
eliminating brittle failure modes, and initiating the formation of flexural plastic
hinges in the beam to attain a ductile beha{28®]. In dimensioning CFRP
sheets, it was assumed that the lateral load causing beam yielding without joint
failure will be carried only by the corresponding CFRP shéégs %.1c).
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Fig. 5.1. a) 3D view of the selected specimen (b) dimension and reinforcement details of the subas
(c) CFRP retrofitted specimg@5,27]

5.2 Hysteric Response

The overall response of the reference specimen representinglihétas
subassembly (ER) was dominated by the joint shear failure, which results in
premature failure of the RC member. When the deterministic model evolved to
the stochastic levelhe scdter with the possible range of the load for each drift
level can be seen ig. 5.2a and b.
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Beam Flexural Capacity

Lateral Load (kN)
Lateral Load (kN)

of
96 -

Drift Ratio (%) Drift Ratio (%)
—— Stochastic —— Deterministic —— EJR

—— Stochastic —— Deterministic —— EJ-R

() (b)
Fig. 5.2. (a)Hystericresponse of reference specimenRE(b) envelope curve of hysteresis loops

The resulting large corndgo-corner cracks in the joint panel and
propagated cracks at the joint back were reasonably reproducedeby th
deterministic numerical assessment of the reference spedigeB.Ba-c). As
the imposed displacement increases, new hairline cracks spreaiewdrdie
beam Fig. 5.3a and b). In the subsequent drift levels, the existing cracks in the

joint panel widened while those propagated in the beamsaloiosed Fig.
5.3b and c).

0.2% Dirift Ratio (First crack) 2% Drift Ratio 4% Drift Ratio (Failure)
@) (b) (©)
Fig. 5.3. Comparison otrackpattern obtained bgxperimentatesponse and deterministic numerical moc
for the reference specimen (RJ (a) first joint cracking (b) 2% drift ratio (c) 4% drift ratio
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The specimen incorporating the retrofit solution via CFRP wrapped in an
X pattern (EC) suffered from diagonal cracks after a certain level of
displacement corresponding to CFRP debonding/rupture. Therefore, the
specimen displayed a natuctile behaviordgether with the distinct strength
deterioration and stiffness degradation due to the shear failure of the joint after
CFRP rupture.A set of loaddisplacement curves along with both the
experimental response and numerical assessment is depi€igd5aa and b
for the retrofitted specimen.

Lateral Load (kN)

Lateral Load (kN)
2w a
o O O

-70
-96
Drift Ratio (%) Drift Ratio (%)

Stochastic —— Deterministic ——EJ-C Stochastic —— Deterministc —— EJ-C

() (b)
Fig. 5.4. (a) Hysteric response wdtrofitted joint, EJC (b) envelope curve of hysteresis loops

The deterministic numerical assessment well captured the crack pattern
together with the resulting failure mode. The severe joint shear cracks at failure
were also monitored in thdeterministic model. Moreover, the vertical splitting
cracks at the beaipint interface were closed partially in the beam, which was
accurately reproduced in the FE model as wel.(5.5a-c).

5.2.1 Analysis of Results

The ultimate strength of the specimen is one of the important parameters
in the cyclic response assessment of specimens. Basic statistical parameters
related to the ultimate strength were réiere, provided irfrig. 5.6a and b. The
PDFs of peak strength and their statistical parameters (i.e., mean value and
standard deviation) were obtained from the series of data pointsiirmate
capacity of each anadis). For the fitted distributionsChii square or
Kolmogorow Smirnov tests, which measure the goodness of the fit, are satisfied
at the %% confidence level. Then, the mean value of predicted peak strength
was compared with the experimentally obtained cipa
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Fig. 5.5. Comparison o€rackpattern obtained bgxperimentatesponse and deterministic numerical moc
for the retrofitted specimen (EJ) (a) first joint cracking (b) 2% drift ratio (c) 4% drift ratio
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5.3 Sensitivity Analysis

The contribution of the concrete tensile strerfgtto the global response
was the most significant, because it had the highest correlation coefficient for
the positive and negative loading direction of the reference specifigrb.{a
and b). The relativenpact of the concrete compressive strerigbim the global
response was also considerable. This phenomenon can be attributed to the
development of the diagonal compression strut mechanism, which is
perpendicular to the tension tie at the joint pafdle remaining material
properties had aveak influence on the global response as the correlation
coefficients are rather low (in some cases very close to zero).

10 mEc 10 mEc
0.8 mEs 0.8 uEs
0.6 u 0.6 fu
0.4 fy 0.4 fy
0.2 u Gf 0.2 ' | , u Gf

Correlation Coefficient
Correlation Coefficient

0.0 fc 0.0 .
-0.2 01 03 05 10 o9 40 mict 0201 03 -. 10 g mfct
Drift Ratio (%) Drift Ratio (%) *

() (b)

Fig. 5.7. Sensitivity analysis in the reference speciBéR (a) positive loading direction (b) negative loadir
direction

The sensitivity measures resulted in high correlation with three input
variables of the retrofitted specimens, which included the tensile strength of
concretef,, compressive strength of concréeand tensile strength of epoxy
resinfeas (Fig. 5.8a and b). A gradual increment was observed in the correlation
coefficient of the concrete compressive strerigth

mEc mEC
 ff u ff
- 10 mEs - 10 mEs
= 2
S o8 = Ef S 08 mEf
£ 06 mEas 5 06 = Fas
8 fu 3 fu
g 04 uGf 5 04 A uGf
E 02 v u Gfas g 02 r u Gfas
o .-' - [ X
S 00 * .v_ o g fy £ g0 i fy
o | d J,a u fcas o -~ - m fcas
0201 .03 0201 g3 [ ]
0.5 g, 0 20 40 u fctas 05 .10 u fotas
: f
Drift Ratio (%) .:C‘ Drift Ratio (%) . izl
o

() (b)
Fig. 5.8. Sensitivity analysis in the retrofitted specimen (a) positive loading direction (b) negative lo
direction
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6 CASE lll: BOND TEST

This chapter deals with the exhibited performance of bga@ RILEM
bond specimens and their stochastic assessment by computational stochastic
mechanics.

6.1 Experimental Program

The principle of the test described in this section is based on RILEM
recommendatioi30] and EN10080[31]. A beam specimen is tested under
flexure by a fowpoint bending testHig. 6.1a). The failure criterion is the
complete loss of adhesi in one half of the beam or failure of reinforcing steel.
The axial stress in the reinforcing bar is transmitted to the surrounding concrete
surface through shear stress.
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Fig. 6.1. (a) Beam test specimen detail fds=14 mm (b) load transfer mechani$di]
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The experimental program consists of two testing groHjgs 6.2). The
test samples in both groups were identical in terms of material properties and
dimensionsut differ in testing methodology. The first test group was exposed
to the monotonic loadingvhile the second one was tested undeersecyclic
loading. Each group was then divided into two testing series. The first test series
was constructed without transverse reinforcement. The bond behavior in plain
concrete was, therefore, investigatele Becond series contains test specimens
with transverse reinforcement so that the effect of confinement provided by the
shear reinforcement can be revealed.

Group Monotonic Group 2Cyclic

| |
|Series 1Unc0nfined| | Series 2Confined| |Series llJnconfinedl | Series 2Confined|

SMEE1 SM2E1 SCiE1l SCZE1
SMEE2 SM2E2 SCiE2 SC2E2
— SMIE3 — SM2E3 — SCIE3 — SCZE3
SMLE4 SM2E4 SCiE4 SC2ZE4
SMEES SM2E5 SCIE5 SCZES5

Fig. 6.2. Summary of test specimens

6.1.1 Monotonic Test Setup

The fourpoint bending test setup with a symmetrical configuration was
designed. The specimens were tested under monotonic loading up to failure.
The specimens were placed horizontally and then loaded vertically. The
displacement waspalied at midspan by a hydraulic jack acting vertically
through rigid steel plates. The hydraulic jack was placed to an adjustable steel
frame that allows movement in both horizontal and vertical directions. The top
end of the actuator was fixed to theeadtframe by a steel plate while a cardan
joint was attached to the jack from the bottend fig. 6.3).
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- 650 - Strong Floor

Fig. 6.3. Detail of monotonic test setup

6.1.2 Cyclic Test Setup

The ordinary arrangement of the supports in the monotonic test setup is a
pin and roller configuratioron each side of the specimen. The loading is
provided by two loading rollers placed at an equal distance around the middle
of the beam. Then, the specimsitting on the supports is imposed to load
lowered from the above without clamping. This does not bring any
indeterminacy in a bent beam since the axial deformations are not restricted.
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On the other hand, such a test setup configuration results intabilitg under
reversecyclic loading since it is not supported during unloading. Thus, the test
setup in monotonic cyclic loading is not capable of performing tests under
reversecyclic loading. Therefore, the monotonic fgpoint bending test setup
mustbe modified for the cyclic tests. Soleymamial. [32] adapted a suitable
supportclamping mechanism, which allows one to load and support the
specimen undaeversecyclic loading in a stable manndtig. 6.4).
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Fig. 6.4. Detail of cyclic test setup
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6.2 Bond-Slip Relation for Monotonic Loading
6.2.1 Proposed Bond Model for Unconfined Concrete

Five identical specimens were tested under the same conditions and then
the bond strength for each specimen was evaluated. The bond stress was
computed as the ratio between axial force in the reinforcing bar and surface
area. The analytical relationship (see&tpns below) was proposed by fitting
a curve (i.e., the method of least squares) to the mean experimentdtigata (
6.5).

v T — i

i R Eq.61
rmdrpiv MO T PQIQ i i
w T B VA Q

where the variables in the formula defined as follows:

t @ 07 Eq.6.2

t mot Eq.6.3

I ™ U Eq.6.4

i _Q i L8t Eq.6.5
TT

Here, (1 and o are the maximum and residual bond strength vakes.
and s, are the slip values at the ultimate and residual bond strength,
respectivelylis a shape factor.

0.8

0.7 |
0.6

0.5 - = FIB Code-Good
77777 Verderame et al.

04 |,
3 ——FIB Code-Poor

03 |f —Xuetal.

04 K = Unconfined-Averag:
o —— Proposed

0 1 2 3 4 5 6 7 8
Sip (mm)

SM1-E5

0.2 | == Unconfined-Averag

Normalized Bond Stresg)ff.1/4)
Bond Stress (MPa

—— Proposed

Slip (mm)

(@ (b)
Fig. 6.5. (a) Proposed bondlip model for unconfined concrete under monotonic loading (b) comparison
available models
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6.2.2 Proposed Bond Model for Confined Concrete

The threesegment curve, which was evaluatedlbta analysis (i.e., curve
fitting to an average of experimental data), was also proposed for the confined
concretgFig. 6.6).

i

v 1 t — Q0 i

ti , - B Eq.66
r'f ™p TP YR i i
w 1 T B VA Q

where the variables in the formula defined as follows:

t T Eq.6.7
t ™t Eq.6.8
| & TT Eq.6.9
o
i = Eq.6.1C
I I
pC o
I T@u@ forQ TEtu Ea.6.11

Here,d; and{, are the maximum and residual bond strength vakses.
and s are the slip values at the ultimate and residual bond strength,
respectivelylis defined as a shape factor. Unlike the bond model proposed for
unconfined concrete, two more variablesreincluded in the confined bond
slip relation; those werk andb, indicating confinement pressure provided by
transverse reinforcement and confinement factor, respectimehis study, the

effective lateral confining pressure was computed accordifdataderet al.
[33].
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Fig. 6.6. (a) Proposed bondlip model for confined concrete under monotonic loading (b) comparison
available models
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6.3 Bond-Slip Relation for Cyclic Loading
6.3.1 Proposed Bond Model for Unconfined Concrete

Similar to the methodology described in the previous section, the bond
slip relationship under cyclic loading was evaluated from experimental data.
The bond stress was computed as @0 between the axial force in the
reinforcing bar and surface ar@&g. 6.7 andFig. 6.8).
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Fig. 6.7. Hystericbond stresslip response of unconfined specimens

The bonadslip relationship of the unconfined test specimens under cyclic
loading was evaluated from the positive envelope cuwhih is as follows:

% b 010 i
L ! - Eq.6.12
rmdrgixy 18 6 T LuQQ i i
w T £t LQIQ

where the variables in the formula defined as follows:
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t ™ 7 Eq.6.12

T ™o Eq.6.14

| ™ G Eq.6.1%

[ 20 @ Eq.6.1€
L

Here,J; and 2 are the maximum and residual bond strength vakes.
and s;» are the slip values at the ultimate and residual bond strength,

respectivelyUis a shape factor.
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Fig. 6.8. (a) Proposed bondlip model for unconfined concrete under cyclic loadings@i)ematic representati

Normalized Bond Stresj(f.}'%)

6.3.2 Proposed Bond Model for Confined Concrete

The confined specimens under cyclic loading displayed a poor bond
performance. The bond strength degraded suddenly and then it remained
constant (i.e., residual part). When the load wastes in the reverse direction,
the slip value did not change considerably. On the other hand, the bond stress
changed its sign. The sewircle phenomenon was established under the cyclic
action Fig. 6.9). The proposed relationship was, yet again, obtained only for
the positive loading direction. The hysteric besiigh behavior was considered
bythesemc i r cl es & pheno me n sslip reltionshiphveniclp r o p o
can be implemented Bylemory Bond Materiain ATENA [1]. It is assumed
that the first criticainversion slip occurred at 3.0 mrki¢. 6.10). This value
corresponds to the start of the residual bond stress value.
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Fig. 6.9. Hystericbond stresslip response of confined specimens

The equation of a threeegment curve was providedkq. 6.17

i

v f t — Qi

ti . RN Eq.6.17
rf TrTip ™ T XxQQ i i
v 1 T £TMI VA Q

wherethe variables in the formula defined as follows:

+ @ 07 Eq.6.1€

Pt Eq.6.1¢

| & ¢ Eq.6.2C

i 20 Eq.6.21
om

Eq.6.22

I @@ QI 8L
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