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3 | ABSTRACT 

ABSTRACT 
 

Özgür 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, combined 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 mechanical properties 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 properties non-conforming to 

current codes and guidelines. The first testing program deals with experimental 

performance of an over-reinforced and shear critical beams together with 

stochastic assessments of beam members via computational stochastic 

mechanics. The effect of uncertainties on the response of shear critical and 

carbon fiber reinforced polymer (CFRP) retrofitted beam-column joints, which 

were selected from available testing programs in the literature, was also 

discussed. The stochastic-based numerical prediction of beam-type RILEM 

bond specimens characterized variability in the identical tests satisfactorily. 

Owing to the more realistic assessment capability of the stochastic-based 

nonlinear finite element (FE) analysis, the global response of the substandard 

RC members (over-reinforced and shear critical beams; shear critical and CFRP 

retrofitted beam-column joints; beam-type RILEM bond specimens) was 

accurately reproduced.  

Keywords: Reinforced Concrete, Substandard, Sensitivity; Stochastic 

Assessment; Finite 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 ductile response. The 

requirements to meet the ductile behavior and design principles are carefully 

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 the local level, which usually cause 

premature failure of structural members. Severe damage at the member 

remarkably violates the integrity of the structural system. The obvious 

outcomes are poor energy dissipation and sudden degradation of strength and 

stiffness. As local damages also actuate the global failure mechanism, 

investigating the behavior of substandard members is essential. Based on field 

observations and laboratory tests, capacity design principles have earmarked 

deficient RC members as critical components in the moment-resisting frames. 

It is, therefore, 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 developments are 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 to the more realistic 

assessment capability of the stochastic-based nonlinear FE analysis, which is 

available in user-friendly computer tools, reproducing the structural response 

of substandard members using computational stochastic mechanics could yield 

more accurate 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. For this reason, the nonlinear 

FEM was combined with a suitable stochastic sampling technique for the 

realistic prediction of the structural response in substandard RC members. 

Overall, the effect of inherent uncertainties on the material mechanical 

properties was studied by using uncertainty analysis, which leads to obtaining 

the basic statistics of response variables. The sensitivity of material properties 
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on the global response was also measured by evaluating the partial correlation 

coefficient between material parameters (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 weaker and stronger spots over the 

specimen. All of these provided a broad perspective in assessing the results.  

The stochastic approach was implemented in three different testing 

programs. The first testing program deals with over-reinforced and shear 

critical beams. The experimental performance of two substandard beam 

specimens was first obtained and then accurately reproduced in the FE 

environment. The effect of inherent uncertainties at a material level for an over-

reinforced and shear critical beam, and the uneven distribution 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 beam-column 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 properties 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 

stochastic-based numerical prediction of beam-type RILEM bond specimens. 

The proposed bond stress-slip 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 unconfined specimens under cyclic and 

monotonic loading. The variability in the identical tests was 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 

nonlinear finite element method with the stochastic sampling technique, was 

evaluated.
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2 MODELLING PARAMETERS 

As the computer-aided nonlinear analysis is now available for RC 

members, refined numerical models allow for reproducing the response of 

substandard members with satisfactory accuracy. This chapter briefly presents 

the numerical modeling strategies in a user-friendly computer tool ATENA 

software [1], used for different RC members that have exhibited different 

failure types. 

The concrete geometry was modeled using the hexahedral element 

CCIsoBrick. The constitutive models of tensile and compressive behaviors 

were combined in CC3DNonLinCementitious2 (a fracture-plastic concrete 

model) in the software. Moreover, the Reinforced Concrete material model 

provides an opportunity to model the reinforcement in a smeared manner. An 

elliptical hardening and linear softening behavior were assumed in defining the 

uniaxial compressive behavior of the concrete [2]. Accordingly, a strain-based 

hardening response was followed by a displacement-based linear softening 

response in compressive. The relation in the form of the Gaussian curve was 

implemented to reduce the compressive strength in cracked concrete while its 

parameters were obtained from available literature [3,4]. Menetrey and Willam 

criteria [5] was implemented for the definition of the failure surface in the 

numerical model. The 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 crack σ and crack width w was adopted in the post-

elastic region [6]. The crack width at complete stress release wc was evaluated 

by the relation between fracture energy Gf and displacement w [6]. The smeared 

crack concept in combination with crack band theory [7] was implemented in 

the software for the strain-displacement relation. The stress in the crack is not 

completely released in 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 using the relation proposed in 

CEB-FIP Model Code [8]. 

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 the concrete geometry. 

Menegotto and Pinto [9] model for the nonlinear cyclic material behavior of the 
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reinforcing steel was employed. The reinforcing bar was fully connected to the 

surrounding concrete geometry with the limited bond strength, which is defined 

by a CCBarWithBond type element [1]. 

The CFPR sheets were modeled using membrane elements with 

composite material properties. Namely, the CFRP net was defined by the 

smeared reinforcement concept by the Reinforced Concrete material model, 

which combines the brittle material with reinforcement [10]. Therefore, the 

brittle response of epoxy resin was defined as that of a fracture/plastic material 

(i.e., CC3DNonLinCementitious2), while the CFRP was modeled as a smeared 

reinforcement. The bond between the concrete surface and CFRP sheet was 

characterized by inserting a supplementary surface (an interface) between the 

two materials. The interface material is based on Mohr-Coulomb criterion [11]. 

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 different 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 be simulated by 

computational stochastic fracture mechanics. Hence, the deterministic model 

was evolved to the stochastic level. Sets of input parameters were simulated by 

a stratified sampling technique (i.e., Latin Hypercube Sampling (LHS)) using 

defined distribution functions. The deterministic values with their distribution, 

and the correlation among the material parameters are presented in Table 1, and 

Table 2, respectively. Those are based on experimental observations, Pukl et al. 

[12], fib Bulletin No.22 [13], Gulbrandsen [14], Atadero and Karbhari [15], 

Baji et al. [16] and Joint Committee on Structural Safety (JCSS) [17].  

A set of load-displacement 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 statistics of the response variable (e.g., mean 

value, standard deviation, and PDFs of capacity) were provided. Finally, the 
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Spearman rank-order correlation coefficient between the generated input and 

response variables was found. The major material parameters characterizing the 

overall behavior of the specimens were thus provided. 

Table 1. Material properties as random parameters and their statistical distributions 

Parameter Mean Value, µ COV Distribution 

Concrete 

Elastic Modulus, Ec (MPa) 4700√fc [18] 0.10 Lognormal (2 Parameter) 

Tensile strength, fct (MPa) 0.30fc
2/3 [8] 0.30  Lognormal (2 Parameter) 

Compressive Strength, fc (MPa) 
8.05 EJ-R 

9.40 EJ-C 
0.15 Lognormal (2 Parameter) 

Fracture Energy, Gf (N/m) 73fct
0.18 [8] 0.25 Weibull (2 Parameter) 

Compressive Strain, εco (mm/mm) fc/Ec [2] 0.15 Lognormal (2 Parameter) 

Plastic Displacement, wd (m) Linear [19] 0.10 Lognormal (2 Parameter) 

Reinforcing Steel 

Elastic Modulus, Es (GPa) 190.9 0.07 Lognormal (2 Parameter) 

Yield Strength, fy (MPa) 295.5 0.07 Lognormal (2 Parameter) 

Ultimate Strength, fu (MPa) 437.5 0.07 Lognormal (2 Parameter) 

Ultimate Strain, εu (mm/mm) 0.21 0.07 Normal 

CFRP 

Elastic Modulus, Ef (GPa) 230 0.08 Lognormal (2 Parameter) 

Tensile Strength, ff (MPa) 4900 0.08 Lognormal (2 Parameter) 

Effective thickness, tf (mm) 0.111 - Deterministic 

MBT-MBrace® Adesivo (Saturant) 

Elastic Modulus, Eas (MPa) 1800 0.10 Lognormal (2 Parameter) 

Compressive Strength, fcas (MPa) 80 0.15 Lognormal (2 Parameter) 

Tensile strength, fctas (MPa) 12 0.30  Lognormal (2 Parameter) 

Fracture Energy, Gfas (N/m) 100 [20] 0.25 Weibull (2 Parameter) 

Compressive Strain, εcos (mm/mm) fcas/Eas [2] 0.15 Lognormal (2 Parameter) 

Plastic Displacement, wd (m) Linear [2] 0.10 Lognormal (2 Parameter) 

Table 2. Correlation coefficients among the random parameters 

Concrete and Adesivo (Saturant)  Steel  CFRP  
Ec fc fct Gf εco   Es fy fu εu   Ef ff 

Ec 1   0.70 0.60 0.40 0.90  Es 1 0 0 0  Ef 1 0.31 

fc  1 0.70 0.50 0.90  fy  1 0.7

5 

0.4

5 

 ff   SYM 1 

fct 

SYM 

1 0.80 0.60  fu SYM 1 0.6

0 

    

Gf  1 0.50  εu    1     

εco     1           
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3.2 Random Fields 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 described as random variables. This randomness was considered 

via the random fields approach [21]. The samples from the statistical analyses 

were the input parameters (listed in Table 1) for the nonlinear FE solutions. In 

the refined numerical models, 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 specimen. The random fields for each 

prominent material parameter were generated in FReET [22]. The deterministic 

model was then modified in SARA Studio [23], which interfaces 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 reaching the limit strain of the concrete in compression 

and excessive shear failure, were examined using experimental and stochastic 

methods. 

4.1 Experimental Program 

A series of tests on the shear critical and over-reinforced beams were 

conducted in cooperation with Structural Mechanics Laboratory, Department 

of Civil Engineering, Eskişehir Technical University, Turkey. The 

experimental program consists of a four-point bending test on the shear 

deficient and over-reinforced substandard RC beam specimens. While the shear 

critical beam was designed without any transverse reinforcement to achieve 

excessive shear failure by exceeding the tensile strength of the concrete, the 

over-reinforced beam was designed with reinforcement detailing, resulting in 

concrete crushing. The specimens were constructed from low strength concrete. 

The details of the specimens are depicted in Fig. 4.1a and b, respectively.  
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(a) 

 

(b) 

Fig. 4.1. Reinforcement scheme and dimension details (a) shear critical specimen, EB_R (b) over-reinforced 

specimen, EB_C 

The summary of the test specimens is presented in Table 4.1.  

Table 4.1. Description of test specimens 

 Specimen 

 EB_R EJ_C 

Description Shear Critical Over-Reinforced 

Reinforcement Scheme Fig. 4.1a Fig. 4.1b 

Concrete Compressive Strength, fc (MPa) 15.0 17.1 

Elastic Modulus, Es (GPa) 200 

Yield Strength, fy (MPa) 460 

Ultimate Strength fu (MPa) 632 

Ultimate Strain, εu (mm/mm) 0.17 

Beam Dimension 150 x 250 x 2500 mm 

Longitudinal Reinforcement 2ɸ16+2ɸ8 4ɸ16+2ɸ8 

Transverse Reinforcement 
ɸ8@50, 680 

1820 and 2450 mm 
ɸ8/70 

Application of Displacement Four-Point Bending 

Loading Protocol 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 of concrete crushing caused by reaching the limit strain of the concrete 

in compression (Fig. 4.2a). The stress distribution along the specimen’s 

longitudinal axis and crack pattern are depicted in Fig. 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 hairline cracks in the 

tension zone were also captured by the numerical solution.  

 

(a) 

 

(b) 

Fig. 4.2. (a) Concrete crushing in the over-reinforced 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 

an error of 10%. The set of load-displacement curves formed a band around the 

deterministic model, which was also covered by the experimental results (Fig. 

4.3). The stochastic bundle also provided the upper and lower boundaries of the 
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load, corresponding to each displacement level. The scatter was higher in the 

subsequent displacement due to the effect of different nonlinear mechanisms. 

 

Fig. 4.3. Set of load-displacement curves in over-reinforced beam 

4.2.1 Reliability Analysis of Over-Reinforced Beam 

The PDF of the load, which corresponds to the critical deflection L/250 

described in EN 1992-1-1 [24], was obtained from the stochastic bundle. After 

that, the safety margin was obtained by subtracting capacity (i.e., resistance) 

from demand (i.e., load). Finally, the load corresponding failure probability, 

related to the irreversible serviceability limit state, was computed as 73.5 kN 

(Fig. 4.4a). Namely, the values smaller than 73.5 kN are safe according to the 

reliability concept. The PDF of the ultimate loads is found as well for the over-

reinforced beam (Fig. 4.4b). The load corresponding failure probability, related 

to the irreversible serviceability limit state, was computed as 79.2 kN. 

  

Fig. 4.4. PDF of (a) serviceability limit state (b) ultimate limit state 
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4.2.1 Sensitivity Analysis of Over-Reinforced Beam 

The relative impact of concrete compressive strength fc was the most 

considerable among others as it has the highest correlation (Fig. 4.5). 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. The tensile strength of concrete fct influenced the global 

response remarkably. It is worthy to mention that flexural cracks also appeared 

during the test. Thus, the tensile strength of concrete fct became critical up to a 

certain level of displacement. The sensitivity measures on the remaining 

materials showed a low correlation coefficient. Thus, their relative impact on 

the global response was not significant.  

 

Fig. 4.5. Sensitivity of material properties 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 identified in the presented 

stochastic bundle of load–displacement curves. The randomized concrete 

strength did not influence the linear response of the specimen, but remarkably 

affected the nonlinear response of the concrete. The shear failure caused severe 

damage on the left side of the beam (Fig. 4.6a). On the other hand, the crack 

pattern in the deterministic FE analysis was distributed almost evenly on both 

sides of the specimen (Fig. 4.6b). The random fields theory accounts for 

variability in the concrete mechanical properties. The possible crack patterns in 

some of the selected analyses are presented in Fig. 4.6c. As depicted in the 
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figures, the crack pattern obtained in each analysis considerably depended on 

the randomness. 

 

 

 

(a) (b) 

  
N2 N6 

  
N8 N19 

  
N22 N30 

Fig. 4.6. Damage state at failure: (a) experiment (b) deterministic model (c) random fields 

Fig. 4.7 shows the range of load-displacement curves for beams with 

different material properties. The stochastic approach provided the possible 

ranges of load-displacement curves. As the geometrical position of the weakest 

spot defines the failure mode and capacity, the load-displacement curves in the 

stochastic analysis did not form a band around the deterministic model. The 

important point in such predictions is that the experimental results to be used 

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 load-displacement curves  

5 CASE II: JOINT TEST 

The effect of inherent uncertainties in material constitutive models on the 

response of substandard as-built and CFRP retrofitted RC beam-column joints 

was investigated through a stochastic study. 

5.1 Selected Experimental Tests 

The experimental tests used to validate the proposed numerical models 

collected from two different testing programs previously conducted by the 

author: Yurdakul [25], Yurdakul and Avşar [26,27], and Yurdakul et al. [28]. 

The full-scale test specimens, which represent the exterior beam-column joint, 

were constructed by considering the most common deficiencies. Geometrical 

parameters and material properties were selected in such a way that they would 

characterize the construction practices of the existing deficient beam-column 

subassemblies (Fig. 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 behavior [29]. 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 sheets (Fig. 5.1c). 

0

10

20

30

40

50

60

70

80

0 3 6 9 12 15 18 21 24

L
o

ad
 (

k
N

)

Displacement (mm)

EB_R
Deterministic
N1
N2
N3
N4
N5
N6
N7
N8
N9
N10
N11
N12
N13
N14
N15
N16
N17
N18
N19
N20
N21
N22
N23
N24
N25
N26
N27
N28
N29
N30

Beam flexural capacity



UNIVERSITY OF PARDUBICE | 16 

 

(a) 

  

(b) (c) 

Fig. 5.1. a) 3D view of the selected specimen (b) dimension and reinforcement details of the subassembly 

(c) CFRP retrofitted specimen [25,27] 

5.2 Hysteric Response 

The overall response of the reference specimen representing the as-built 

subassembly (EJ-R) was dominated by the joint shear failure, which results in 

premature failure of the RC member. When the deterministic model evolved to 

the stochastic level, the scatter with the possible range of the load for each drift 

level can be seen in Fig. 5.2a and b. 
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(a) (b) 

Fig. 5.2. (a) Hysteric response of reference specimen, EJ-R (b) envelope curve of hysteresis loops 

The resulting large corner-to-corner cracks in the joint panel and 

propagated cracks at the joint back were reasonably reproduced by the 

deterministic numerical assessment of the reference specimen (Fig. 5.3a-c). As 

the imposed displacement increases, new hairline cracks spread over the whole 

beam (Fig. 5.3a and b). In the subsequent drift levels, the existing cracks in the 

joint panel widened while those propagated in the beam almost closed (Fig. 

5.3b and c). 

   

   

0.2% Drift Ratio (First crack) 2% Drift Ratio 4% Drift Ratio (Failure) 

(a) (b) (c) 

Fig. 5.3. Comparison of crack pattern obtained by experimental response and deterministic numerical model 

for the reference specimen (EJ-R) (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 (EJ-C) suffered from diagonal cracks after a certain level of 

displacement corresponding to CFRP debonding/rupture. Therefore, the 

specimen displayed a non-ductile behavior together with the distinct strength 

deterioration and stiffness degradation due to the shear failure of the joint after 

CFRP rupture. A set of load-displacement curves along with both the 

experimental response and numerical assessment is depicted in Fig. 5.4a and b 

for the retrofitted specimen. 

  

(a) (b) 

Fig. 5.4. (a) Hysteric response of retrofitted joint, EJ-C (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 the deterministic model. Moreover, the vertical splitting 

cracks at the beam-joint interface were closed partially in the beam, which was 

accurately reproduced in the FE model as well (Fig. 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, therefore, provided in Fig. 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 points (i.e., ultimate 

capacity of each analysis). For the fitted distributions, Chi–square or 

Kolmogorov–Smirnov tests, which measure the goodness of the fit, are satisfied 

at the 95% confidence level. Then, the mean value of predicted peak strength 

was compared with the experimentally obtained capacity. 
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0.2% Drift Ratio (First beam crack) 2% Drift Ratio 4% Drift Ratio (Failure) 

(a) (b) (c) 

Fig. 5.5. Comparison of crack pattern obtained by experimental response and deterministic numerical model 

for the retrofitted specimen (EJ-C) (a) first joint cracking (b) 2% drift ratio (c) 4% drift ratio 

  

  

Positive Loading Direction Negative Loading Direction 

Fig. 5.6. (a) PDFs of EJ-R (b) PDFs of EJ-C 
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5.3 Sensitivity Analysis 

The contribution of the concrete tensile strength fct to the global response 

was the most significant, because it had the highest correlation coefficient for 

the positive and negative loading direction of the reference specimen. (Fig. 5.7a 

and b). The relative impact of the concrete compressive strength fc on 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 panel. The remaining material 

properties had a weak influence on the global response as the correlation 

coefficients are rather low (in some cases very close to zero). 

  

(a) (b) 

Fig. 5.7. Sensitivity analysis in the reference specimen EJ-R (a) positive loading direction (b) negative loading 

direction 

The sensitivity measures resulted in high correlation with three input 

variables of the retrofitted specimens, which included the tensile strength of 

concrete fct, compressive strength of concrete fc, and tensile strength of epoxy 

resin fctas (Fig. 5.8a and b). A gradual increment was observed in the correlation 

coefficient of the concrete compressive strength fc. 

  

(a) (b) 

Fig. 5.8. Sensitivity analysis in the retrofitted specimen (a) positive loading direction (b) negative loading 

direction 
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6 CASE III: BOND TEST 

This chapter deals with the exhibited performance of beam-type 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 

recommendation [30] and EN 10080 [31]. A beam specimen is tested under 

flexure by a four-point bending test (Fig. 6.1a). The failure criterion is the 

complete loss of adhesion 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. 

 

(a) 

 

(b) 

Fig. 6.1. (a) Beam test specimen detail for db=14 mm (b) load transfer mechanism [31] 
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The experimental program consists of two testing groups (Fig. 6.2). The 

test samples in both groups were identical in terms of material properties and 

dimensions but differ in testing methodology. The first test group was exposed 

to the monotonic loading, while the second one was tested under reverse cyclic 

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, investigated. The second series contains test specimens 

with transverse reinforcement so that the effect of confinement provided by the 

shear reinforcement can be revealed.  

 

Fig. 6.2. Summary of test specimens 

6.1.1 Monotonic Test Setup 

The four-point 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 was applied at mid-span 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 the steel frame by a steel plate while a cardan 

joint was attached to the jack from the bottom-end (Fig. 6.3). 

Group

Group 1-Monotonic

Series 1-Unconfined

SM1-E1

SM1-E2

SM1-E3

SM1-E4

SM1-E5

Series 2-Confined

SM2-E1

SM2-E2

SM2-E3

SM2-E4

SM2-E5

Group 2-Cyclic

Series 1-Unconfined

SC1-E1

SC1-E2

SC1-E3

SC1-E4

SC1-E5

Series 2-Confined

SC2-E1

SC2-E2

SC2-E3

SC2-E4

SC2-E5
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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 configuration on 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 specimen sitting 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 in an instability under 

reverse cyclic loading since it is not supported during unloading. Thus, the test 

setup in monotonic cyclic loading is not capable of performing tests under 

reverse cyclic loading. Therefore, the monotonic four-point bending test setup 

must be modified for the cyclic tests. Soleymani et al. [32] adapted a suitable 

support-clamping mechanism, which allows one to load and support the 

specimen under reverse cyclic loading in a stable manner (Fig. 6.4). 

 
 

 

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 equations below) was proposed by fitting 

a curve (i.e., the method of least squares) to the mean experimental data (Fig. 

6.5). 

 

𝜏𝑢(𝑠) =

{
 

  𝜏𝑢1 (
𝑠

𝑠𝑢1
)
𝛼

    𝑖𝑓 𝑠 < 𝑠𝑢1

0.015𝑠2 − 0.15𝑠 + 0.71  𝑖𝑓 𝑠𝑢1 ≤ 𝑠 ≤ 𝑠𝑢2
 𝜏𝑢2        𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 Eq. 6.1 

where the variables in the formula defined as follows: 

  𝜏𝑢1 = 0.63𝑓𝑐
1/4

 Eq. 6.2 

  𝜏𝑢2 = 0.53 × 𝜏𝑢1 Eq. 6.3 

 𝛼 = 0.15 Eq. 6.4 

 

 𝑠𝑢1 = √
𝑓𝑐
40
  𝑠𝑢2 = 5.0 Eq. 6.5 

Here, τu1 and τu2 are the maximum and residual bond strength values. su1 

and su2 are the slip values at the ultimate and residual bond strength, 

respectively. α is a shape factor. 

  

(a) (b) 

Fig. 6.5. (a) Proposed bond-slip model for unconfined concrete under monotonic loading (b) comparison with 

available models 
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6.2.2 Proposed Bond Model for Confined Concrete 

The three-segment curve, which was evaluated by data analysis (i.e., curve 

fitting to an average of experimental data), was also proposed for the confined 

concrete (Fig. 6.6). 

 

𝜏𝑐(𝑠) =

{
 

 𝛽𝑐 × [ 𝜏𝑐1 (
𝑠

𝑠𝑐1
)
𝛼

]     𝑖𝑓 𝑠 < 𝑠𝑐1

𝛽𝑐 × [0.01𝑠
2 − 0.11𝑠 + 0.782]  𝑖𝑓 𝑠𝑐1 ≤ 𝑠 ≤ 𝑠𝑐2

𝛽𝑐 × 𝜏𝑐2        𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 Eq. 6.6 

where the variables in the formula defined as follows: 

  𝜏𝑐1 = 0.69𝑓𝑐
1/4

 Eq. 6.7 

  𝜏𝑐2 = 0.70 × 𝜏𝑐1 Eq. 6.8 

 𝛼 = 0.20 Eq. 6.9 

 

 𝑠𝑐1 = √
𝑓𝑐
12
   𝑠𝑐2 = 6.0  Eq. 6.10 

 

𝛽𝑐 = 0.855𝑒

𝑓𝑒

𝑓𝑐

2
3

⁄

 for  𝑓𝑒 ≥ 0.05 
Eq. 6.11 

Here, τc1 and τc2 are the maximum and residual bond strength values. sc1 

and sc2 are the slip values at the ultimate and residual bond strength, 

respectively. α is defined as a shape factor. Unlike the bond model proposed for 

unconfined concrete, two more variables were included in the confined bond-

slip relation; those were fe and βc, indicating confinement pressure provided by 

transverse reinforcement and confinement factor, respectively. In this study, the 

effective lateral confining pressure was computed according to Mander et al. 

[33].  

  

(a) (b) 

Fig. 6.6. (a) Proposed bond-slip model for confined concrete under monotonic loading (b) comparison with 

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 the ratio between the axial force in the 

reinforcing bar and surface area (Fig. 6.7 and Fig. 6.8). 

  

  

  
Fig. 6.7. Hysteric bond stress-slip response of unconfined specimens 

The bond-slip relationship of the unconfined test specimens under cyclic 

loading was evaluated from the positive envelope curves, which is as follows: 

 

𝜏𝑢(𝑠) =

{
 

  𝜏𝑢1 (
𝑠

𝑠𝑢1
)
𝛼

    𝑖𝑓 𝑠 < 𝑠𝑢1

0.027𝑠2 − 0.23𝑠 + 0.65  𝑖𝑓 𝑠𝑢1 ≤ 𝑠 ≤ 𝑠𝑢2
 𝜏𝑢2        𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 Eq. 6.12 

where the variables in the formula defined as follows: 
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  𝜏𝑢1 = 0.56𝑓𝑐
1/4

 Eq. 6.13 

  𝜏𝑢2 = 0.43 × 𝜏𝑢𝑐1 Eq. 6.14 

 𝛼 = 0.42 Eq. 6.15 

 

 𝑠𝑢1 = √
𝑓𝑐
80
  𝑠𝑢2 = 2.5  Eq. 6.16 

Here, τu1 and τu2 are the maximum and residual bond strength values. su1 

and su2 are the slip values at the ultimate and residual bond strength, 

respectively. α is a shape factor. 

  

(a) (b) 

Fig. 6.8. (a) Proposed bond-slip model for unconfined concrete under cyclic loading (b) schematic representation 

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 was exerted in the reverse direction, 

the slip value did not change considerably. On the other hand, the bond stress 

changed its sign. The semi-circle 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 bond-slip behavior was considered 

by the semi-circles’ phenomenon in the proposed bond-slip relationship, which 

can be implemented by Memory Bond Material in ATENA [1]. It is assumed 

that the first critical-inversion slip occurred at 3.0 mm (Fig. 6.10). This value 

corresponds to the start of the residual bond stress value.  
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Fig. 6.9. Hysteric bond stress-slip response of confined specimens 

The equation of a three-segment curve was provided in Eq. 6.17 

 

𝜏𝑐(𝑠) =

{
 

 𝛽𝑐 ×  𝜏𝑐1 (
𝑠

𝑠𝑐1
)
𝛼

    𝑖𝑓 𝑠 < 𝑠𝑐1

𝛽𝑐 × [0.046𝑠
2 − 0.29𝑠 + 0.77]  𝑖𝑓 𝑠𝑐1 ≤ 𝑠 ≤ 𝑠𝑐2

 𝛽𝑐 × 𝜏𝑐2        𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 Eq. 6.17 

where the variables in the formula defined as follows: 

  𝜏𝑐1 = 0.60𝑓𝑐
1/4

 Eq. 6.18 

  𝜏𝑐2 = 0.5 × 𝜏𝑐1 Eq. 6.19 

 𝛼 = 0.22 Eq. 6.20 

 

 𝑠𝑐1 = √
𝑓𝑐
30
  𝑠𝑐2 = 3.0  Eq. 6.21 

 

𝛽𝑐 = 0.855𝑒

𝑓𝑒

𝑓𝑐

2
3

⁄

 𝑓𝑜𝑟  𝑓𝑒 ≥ 0.05 
Eq. 6.22 
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Here, τc1 and τc2 are the maximum and residual bond strength values. sc1 

and sc2 are the slip values at the ultimate and residual bond strength, 

respectively. α is a shape factor. fe and βc indicating confinement pressure 

provided by transverse reinforcement and confinement factor, respectively. 

  

(a) (b) 

Fig. 6.10. (a) Proposed bond-slip model for confined concrete under cyclic loading (b) schematic representation 

6.4 Effect of Confinement on Bond-Slip Response 

The complete loss of adhesion between the plain round bar and 

surrounding concrete occurred before reaching the tensile strength of the 

concrete fct. The microcracks took place in the contact area, which significantly 

violates the cohesion. Due to lateral confinement provided by the transverse 

reinforcement, which enhanced the concrete mechanical properties, the 

microcrack initiation was delayed or somehow minimized, which contributes 

cohesion in between the reinforcing steel and surrounding concrete. Therefore, 

a higher ultimate bond strength was computed for the confined concrete (Fig. 

6.11a and b). The lateral confinement provided by the transverse reinforcement 

also changed the post-peak response. The nonlinear descending part of the 

bond-slip model for the confined concrete diminishes less steeply than the 

unconfined concrete. The slip corresponding to the bond stresses at transition 

zones differed as well. The residual bond strength formed at higher values for 

the confined case. 
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(a) (b) 

Fig. 6.11. Comparison of bond-slip models in confined and unconfined cases (a) monotonic loading (b) cyclic 

loading 

6.5 Effect of Loading Scheme 

The influence of the loading scheme on the response of the RC structures 

is essential as the deformation capacity of them differs under cyclic and 

monotonic loading. This partially violates the interaction between reinforcing 

steel and the surrounding concrete, which adversely affects the structural 

integrity. The monotonic and envelope of cyclic curves followed almost the 

same path in the initial loading stages while the gap widened remarkably at 

peak response. The significant bond degradation due to the nature of cyclic 

loading was more pronounced, especially in the post-peak region (Fig. 6.12a 

and b). The failure came out earlier under cyclic loading.  

  

(a) (b) 

Fig. 6.12. Effect of loading scheme (a) unconfined concrete (b) confined concrete 
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6.6 Randomized Behavior under Monotonic Loading 

The peak loads observed in the experiments were either at the edges of the 

bundle or within the upper and lower boundaries of the stochastic assessment 

(Fig. 6.13a and b). The post-peak response was accurately captured by the 

stochastic approach in the confined specimen, while the unconfined specimen 

SM1-E1 imparted a significant strength deterioration. It, therefore, fell out of 

the stochastic bundle. The remaining samples in the unconfined test series were 

simulated at an acceptable level. 

 
 

(a) (b) 

Fig. 6.13. Randomized behavior under monotonic loading (a) unconfined case (b) confined case  

The PDFs corresponding to the ultimate loads, together with the mean and 

standard deviation, were determined from the stochastic bundle, which were 

then compared with the experimentally obtained capacities (Fig. 6.14a and b). 

The dispersion in the capacity distribution was accurately characterized by the 

stochastic model.  

  

(a) (b) 

Fig. 6.14. PDFs of ultimate load under monotonic loading (a) unconfined case (b) confined case  
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6.7 Randomized Behavior under Cyclic Loading 

The ultimate capacity was satisfactorily captured by the FE solution; on 

the other hand, the displacement corresponding to the ultimate load was not 

accurately reproduced. The strength degradation was not characterized as well 

(Fig. 6.15a and b). The PDFs of the ultimate load were obtained from the 

ultimate capacity of each FE solution. Therefore, a good match in the peak 

response yields an accurate estimation of basic statistical characteristics. 

  

(a) (b) 

Fig. 6.15. Randomized behavior under cyclic loading for (a) unconfined case (b) confined case  

The PDFs of the ultimate strength were obtained from the stochastic 

bundle. Experimental capacities were then compared with the stochastic 

assessment (Fig. 6.16a and b). Note that if n likely specimens were tested nth 

times under the same conditions, assuming that n is a relatively large number, 

similar statistical outcomes of the tests (mean, standard deviation, and PDFs) 

would be expected. Therefore, it is expected that the experimental results would 

be within the range of the PDF if the scatter was accurately reproduced by the 

stochastic assessment. On the other hand, some of the test results were not 

covered by the PDFs. 
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Positive Loading Direction Negative Loading Direction 

(a) 

  
Positive Loading Direction Negative Loading Direction 

(b) 

Fig. 6.16. PDFs of ultimate load under cyclic loading (a) unconfined case (b) confined case  

6.8 Sensitivity Analysis 

The highest correlation coefficient was computed for the concrete tensile 

strength fct in both monotonic and cyclic loading cases (Fig. 6.17a and b). The 

compressive strength of the concrete fc contributes to the overall response with 

a medium impact. The remaining material parameters had little or no influence 

on the global response as the partial correlation coefficient was nearly zero.
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Unconfined Concrete Confined Concrete 

(a) 

  
Unconfined Concrete Confined Concrete 

(b) 

Fig. 6.17. Sensitivity analysis (a) monotonic loading (b) cyclic loading 

7 CONCLUSION 

This study mainly deals with the assessment of different failure modes in 

substandard RC members by stochastic approaches. The nonlinear FEM was 

combined with a suitable stochastic sampling technique for the realistic 

prediction of the structural response of substandard RC members. The effect of 

inherent uncertainties on the material mechanical properties was studied using 

an uncertainty analysis, which also leads to obtaining the basic statistics of 

response variables. The sensitivity of material properties on the global response 

was also measured by evaluating the partial correlation coefficient between 

material parameters (i.e., input variable) and the strength of the member (i.e., 

response variable). Moreover, the uneven distribution of concrete mechanical 

properties over the specimen was accurately characterized by random fields 

theory, which establishes weaker and stronger spots over the specimen.  

This research context was organized into seven main chapters. The first 

three chapters dealt with the motivation for the research, numerical modeling 

strategy, and stochastic-based analysis methods. The following three chapters 

introduced the implementation of the advanced assessment strategy on different 
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substandard RC members. Each chapter was identical in terms of the method 

employed for stochastic assessment, while the test programs and resulting 

failure modes were different. Note that a section which summarizes the relevant 

chapter was included at the end of each chapter. The first testing program dealt 

with the performance of over-reinforced and shear critical beams. The 

experimental behavior was accurately reproduced in the FE environment. The 

effect of inherent uncertainties at a material level for over-reinforced and shear 

critical beam and uneven distribution of concrete mechanical properties over 

the shear critical beam were handled by a stochastic approach. This led to a 

more accurate assessment of the results. The shear critical and CFRP retrofitted 

beam-column joints were analyzed in the following chapter. The experimental 

performances were closely estimated by the numerical solutions. The relative 

impact of each material properties on the global response was also provided, 

which remarked the most critical material parameters. The last testing program 

focused on the stochastic-based numerical prediction of beam-type RILEM 

bond specimens. Thus, the proposed bond stress-slip relationship was 

implemented in the FE software and then evaluated to the stochastic level. The 

variability in the identical tests was characterized accurately by the stochastic 

assessment. The experimental results were covered by the stochastic bundle.  

To conclude, owing to the more realistic assessment capability of the 

stochastic-based nonlinear FE analysis, which is now available in user-friendly 

computer tools, reproducing the structural response of substandard members by 

computational stochastic mechanics could yield more accurate results for 

assessment purposes. Overall, this study showed the efficiency of the advanced 

modeling strategy in different substandard RC members. 
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