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Abstract

The uncertainties related to the material properties may significantly affect the seismic perfor-
mance of structural components. In this study, the influence of each material property on the
global response of reinforced concrete substandard beam-column joints is evaluated by means
of a sensitivity analysis. An experimentally validated finite element model (FEM) is used for
probabilistic numerical simulations. The material properties defined as random variables are
generated by Latin Hypercube Sampling (LHS). The existing correlation among the material
parameters is also considered by the simulated annealing approach in generating the random
samples. A set of load-displacement curves is obtained by the numerical simulations with the
randomized material parameters. The investigated outcomes (i.e., response variables) are the
joint shear strength at the first cracking, the joint peak strength, and joint strength and crack
width at serviceability limit state, which is considered as a repairability threshold value. The
basic statistics of the response variables together with the probability distribution functions
(PDF) are calculated at different drift levels. The partial correlation coefficient between mate-
rial parameters and response variables is also evaluated to outline the parameters which
mainly contribute to the joint global response. The reparability level of the joint is also identi-
fied stochastically by the crack width distribution corresponding to the serviceability limit state.
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1 INTRODUCTION

Existing reinforced concrete buildings designed and constructed with details non-conform-
ing to current seismic codes are vulnerable to seismic actions. Structural deficiencies mainly
arising from the use of low strength concrete, lack of transverse reinforcement in the joint panel
and improper anchor length/detail may result in devastating brittle failure of the substandard
joints even under moderate seismic actions. Moreover, they suffer from poor energy dissipation
and a sudden strength and stiffness degradation. Such an unfavorable seismic behavior obvi-
ously compromises the structural integrity of the whole system. Therefore, the experimental
performance of the deficient joints has attracted considerable research interest [1-5]. Recent
studies also take advantage of current development in the computer-aided nonlinear analysis
which accurately reproduces the response of beam-column joints under multiaxial complex
stress field [6-10]. However, further developments are still needed for improving the accuracy
of the assessment procedures. To achieve this objective, refined and validated numerical models
can be combined with the stochastic approach. Indeed, reproducing the nonlinear behavior of
substandard joint itself in the Finite Element Method (FEM) environment is quite challenging
due to a combination of different nonlinear effects (e.g., shear failure of the joint panel, slip of
longitudinal reinforcements, flexure-shear interaction in the members framing into the joint).
Difficulties arise even more in evolving the nonlinear FEM model to stochastic level as it re-
quires a solution with randomized material properties.

Depending on the damage level, RC buildings with moderate to severe structural damage
after the earthquakes should be demolished or repaired. However, high repair cost of drift sen-
sitive members [11], and massive reconstruction and intrusive repair procedures [12] are among
limitations of the joint repair. Moreover, assessment of threshold value for the limit joint crack
and measuring the sensitivity to material properties on the joint crack are quite challenging. The
current study aims at investigating the influence of material uncertainties on the global response
of a substandard RC joint. The influence of each material property (i.e., input variables) on the
response parameters (e.g., joint cracking, strength, and capacity and cracking at serviceability
limit state) is examined by the sensitivity analysis. The threshold value for repairing the joint is
obtained for the drift ratio corresponding serviceability limit state of a structure. Thus, the rep-
arability level of the joint is investigated by monitoring the crack width corresponding to the
serviceability limit state. The basic statistical characteristics (e.g., probability density function
(PDF), mean, and standard deviation) of crack width the corresponding serviceability limit state
are also obtained. The sensitivity of material properties on the crack width and its limit value
for the given probability of exceedance are also provided as a threshold for the joint reparability.

2 STOCHASTIC STUDY

2.1 Selected test program

The refined numerical models, which were generated in ATENA Science [13] finite element
method (FEM) software, are implemented to observe the progress of crack developments, its
patterns, and global hysteretic response. The reliability of the proposed deterministic numerical
model and its validation was recently discussed by the authors [10]. The modeling approach,
the constitutive law of the materials and its parameters suitable for application to substandard
beam-column joint, modeling accuracy and effectiveness in reproducing the experimental be-
havior, modeling advantages-disadvantages, difficulties in the modeling of substandard joints
were discussed in detail in Yurdakul et al. [10]. More detailed information about the experi-
mental response of the tested specimen (i.e. T_C3) can be found in Del VVecchio et al. [2], while
the numerical response is presented in Yurdakul et al. [10].
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2.2 Methodology

The randomness at material level can be simulated by computational stochastic mechanics.
For this purpose, the mechanical properties of concrete and reinforcing steel were described as
random variables to consider the variability in material properties. After generating the deter-
ministic numerical model with the mean values of the material parameters listed in Table 1, the
samples from the statistical analyses were the input parameters to the nonlinear FEM model.
Thus, the deterministic numerical model was evolved to stochastic level. After simulating the
numerical models with randomized material parameters, an uncertainty analysis was performed
to identify the basic statistics of response variables (e.g., mean value, standard deviation, and
PDFs corresponding to defined limit states). Then, the Spearman rank-order correlation coeffi-
cient between the randomized material parameters (input variables) and response variables was
found. The input variables, which have a higher correlation coefficient, influences the global
response more than the variables having a correlation coefficient close to zero [14]. The above-
mentioned procedure is summarized in Figure 1.

Random samples considering the random variables with the given distribution functions
were generated by a stratified sampling technique named Latin Hypercube Sampling (LHS),
which has an advantage of reducing the number of simulations in the sampling process, saving
considerable computational time and effort [15]. The statistical correlation among prominent
material parameters presented in Table 2 was defined by the optimization technique in FReET
software, which is the simulated annealing method [16,17]. The basic statistical characteristics
of the random parameters and their distribution together with correlations among them are
based on experimental observations, Pukl et al. [17], fib Bulletin No.22 [18], and JCSS [19].

Coefficient of

Parameter Mean Value, 1 variation (COV)" Distribution”
Concrete

Elastic Modulus, E; (MPa) 4700V, [20] 0.10 Lognormal (2 Parameter)
Tensile strength, fo (MPa) 0.30f:22 [21] 0.30 Lognormal (2 Parameter)
Compressive Strength, f. (MPa) 16.50 0.15 Lognormal (2 Parameter)

Fracture Energy, Gt (N/m) 73f28 [21] 0.25 Weibull (2 Parameter)
Compressive Strain, e (Mm/mm) f/E [22] 0.15 Lognormal (2 Parameter)
Plastic Displacement, wy (m) Linear [23] 0.10 Lognormal (2 Parameter)

Reinforcing Steel

Elastic Modulus, Es (GPa) 196 0.07 Lognormal (2 Parameter)
Yield Strength, f, (MPa) 470 0.07 Lognormal (2 Parameter)
Peak Strength, f, (MPa) 600 0.07 Lognormal (2 Parameter)

Ultimate Strain, &, (mm/mm) 0.20 0.07 Normal

Table 1. Material properties as random parameters and their statistical distributions
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Concrete” Steel”
Ec fe fet Gt Eco Es fy fu &u
Ec 1 0.70 0.60 0.40 0.90 Es 1 0 0 0
fc 1 0.70 0.50 0.90 fy 1 0.75 0.45
fer 1 0.80 0.60 fu SYM 1 0.60
Gt SYM 1 0.50 &u 1
Eco 1

* COV values, distribution functions, and correlations are based on experimental observations, Pukl et al. [17], fib Bulletin No.22
[18] and JCSS [19]

Table 2. Correlation coefficients among the random parameters
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Figure 1: Flow-chart of uncertainty analysis
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3 RESULTS AND DISCUSSION

3.1 Analysis of results

The comparison with experimental results outlined that the deterministic numerical model
well captures the experimental response in terms of initial stiffness and peak load [10]. The
randomized parameters did not influence the initial stiffness of the specimen significantly, but
remarkably affected the nonlinear response of the RC joint. Moreover, although the elastic
modulus of the concrete and steel was randomized, the variability in the initial stiffness was
relatively low. The effect of concrete strength (tensile or compressive) on the nonlinear re-
sponse is more remarkable. This is mainly related to the coefficient of variation which is 0.10
for the elastic modulus of concrete, and 0.30 for the tensile strength of concrete (see Table 1).
In the deterministic numerical model, the pinching effect, especially at large drift demand, does
not match well with the experimental result (Figure 2a). This, of course, results in higher energy
dissipation. The randomized solution could not eliminate such a major drawback of the model
totally, thus the response of the models at the last imposed drift (i.e. 3%) is not considered in
this study. The other response quantities (i.e., initial stiffness, strength at different limit states,
and cracking response) of the experimental results match well with the numerical response until
2% drift. Figure 2a and b show the range of load—displacement curves for the 30 (N1-N30)
generated samples of joints with randomized material properties. The stochastic approach also
provided the possible ranges of load—displacement curves which can be better interpreted by
the envelope curves in Figure 2b.

Lateral Load (kN)
Lateral Load (kN)

-60 -60
Drift Ratio (%) Drift Ratio (%)

Deterministic Deterministic

T.C3

T.C3 Stochastic

Stochastic

(@) (b)

Figure 2: (a) Hysteric response (b) Envelope curve of hysteresis loops

The probability density function (PDF) corresponding the ultimate loads of peak strength
together with the mean, COV, and standard deviation, or, was also determined from the load-
displacement curve. In negative loading direction, 20,-band around the mean value (i.e., prom-
inent range of the stochastic model) covered the experimental results while it was very close to
the lower boundary of 2¢r-band in the positive loading direction (Table 3). It is worth to mention
that a relatively low dispersion in the peak strength was found. This clearly shows that the
randomness in the material properties has less impact on global response.

The PDF of loads and their statistical characteristics corresponding to the drift level where
the inelastic response started in the numerical solutions (i.e., first joint cracking) were also cal-
culated (Table 3). As per peak strength, a lower scatter in the global response is observed. The
experimental response lies between 2o-band.
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TEC2007 [24] defines a drift ratio of 1.00% as a serviceability limit state for a structure.
This approach can be implemented at a member level as well. It is then assumed that the struc-
tural member (i.e., beam-column joint in this study) cannot be fully serviceable after reaching
its serviceability limit state. Therefore, the repairability threshold value is set as a serviceability
limit drift ratio. In other words, a repair solution is required when the joint reaches the drift ratio
corresponding to the serviceability limit. The statistical characteristics of response variables
corresponding to the serviceability limit are therefore obtained. Not only capacity but also the
crack width distribution together with basic statistical characteristics corresponding to the ser-
viceability limit state were calculated (Table 3 and Table 4). The dispersion in the capacity is
rather low, on the other hand, the statistical characteristics of crack width corresponding to
serviceability limit state indicated a high scatter. It clearly shows that the uncertainties in the
material parameters have a high impact on cracking response than the capacity.

Capacity (kN)
Stochastic Standard
Experiment Mean cov Deviation  Vmeantlor
(Vinax) (Vinean) (%) (or) (20v) PDF
33.92-
First Joint + 32.71 36.47 6.98 2.55 3902 Lognormal
Cracki i
racking 574 29.63 5.97 1.77 2186 & imbel Max.
31.40
Repairability 43.83- Rayleigh
threshold (drift + 4263 41.14 1.02 3.31 50.45 Negative
corresponding 36.17
serviceability - 36.46 38.15 5.12 1.98 0 13' Rayleigh
limit state-1.00%) '
44.11- Weibull
+ 43.93 47.43 7.00 3.32 50.75 (3 parameter)
Peak Strength 36.29
- 37.03 38.47 5.67 2.18 40.65 Normal
Table 3. Capacity comparison for specific limit states
Crack Width (mm)
Stochastic Mean cov Standard Deviation Vimeantlo
(Cmean) (%) (O'r) (2UF) PDF
Repairabilit .
threshold (arift 4.86 305 1.48 3.38-634  Rayleigh
corresponding .
serviceability - 6.33 30.8 1.95 4.38-8.28 Weibull
limit state- 1.00%) (3 parameter)

Table 4. Crack width comparison at serviceability limit state

3.2 Sensitivity analysis

The partial correlation coefficients (i.e., Spearman rank-order correlation) was determined
between the correlation of the material properties and the stochastic capacity corresponding to
each drift ratio. The contribution of concrete tensile strength (fc) on the global response is the
most significant as the highest correlation coefficient is calculated for the negative and positive
loading direction of each cycle (Figure 3a and b). While a medium correlation in the early stage
of the loading is monitored for the concrete compressive strength (f¢), its relative impact in-
creased rapidly after a certain level of drift level. It can be attributed to the development of the
diagonal strut mechanism perpendicular to the tension tie at the joint panel. Even though fe
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plays a crucial role during the whole loading history, the compressive behavior of concrete (i.e.,
crushing properties) becomes critical in the subsequent drift levels. Thus, especially for large
drift demands, the applied repair or retrofit strategy should consider upgrading and improving
the tensile and compressive strength of concrete. The remaining material parameters have an
insignificant impact on the global response in terms of lateral load capacity.

1.0 1.0
mEC . BEc
% 0.8 W Es g 08 WEs
K] S
£ 06 fu 5 06 fu
8 fi S fi
c 0.4 Y c 04 Y
3 mGf S B Gf
$ 02 9?” T 02 =
5 : fc c ( fc
o 0.0 S 0.0
02 o5 ; 3 =it R mfct
050 . 0292 05
0.2 0.8 1.0 13 0.2 10) 1.0 13
15 o4 15 24
Drift Ratio (%) Drift Ratio (%) ’
(@) (b)

Figure 3: Sensitivity measures of the material properties on the lateral load capacity (a) Positive loading direc-
tion (b) Negative loading direction

The sensitivity of material properties on the specific response quantities used for the assess-
ment of the joint (e.g., first joint cracking, serviceability limit state -1.00% drift ratio- and peak
strength) is also presented in Figure 4a-c. The most influential material property for the capacity
corresponding to joint cracking was the tensile strength of concrete whereas a medium correla-
tion was found for the compressive behavior. Unlike first joint cracking, the relative impact of
compressive behavior becomes more recognizable for serviceability limit state and peak
strength. The rest of the randomized parameters has almost no effect on the global response.
Based on the above-mentioned results, the repair strategy for specific response quantities should
also be developed for cracking and crushing response.

1.0 1.0

0.8 €08
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0.6 Limit State- £ 06
0.4 Negative § 0.4 H Peak Negative
. ) " 5 .
0.2 ] S.er\.nceablhty £ 02 M Peak Positive
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00 = | g «l [ [ T P
. 1 " .

Positive ; 0.0
]

M Joint Cracking
2 04 Negative

0.2 M Joint Cracking
Positive

Correlation Coefficient

5 0.0 In - = _. Hm

Ec fct fc Gf Es fy fu } Ec fct fc Gf Es fy fu Ec fct fc Gf Es fy fu

Material Parameter Material Parameter Material Parameter

(@) (b) (©

Figure 4: Sensitivity of material properties on lateral load capacity at (a) First Joint Cracking (b) Serviceability
Limit State (c) Peak Strength

The drift ratios corresponding to peak loads are also sensitive to material parameters. The
peak loads obtained from the stochastic analyses occur at the drift ratios varying from 0.85%
to 1.35% (Figure 5). The majority of the observed peak loads concentrated at 1.00% drift ratio
for both loading directions while the experimental one observed at 1.35% drift ratio. The fre-
quency of the drift ratio of 1.35% corresponding to the peak load is rather high in the negative
loading direction, whereas it was significantly low for positive drift ratios. Nevertheless, the
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experimental result is not that much different from the stochastically found ranges of drift ratios,
which shows the efficiency of the model at a certain degree.
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Figure 5: Distribution of drift ratio corresponding to peak strength (a) Positive loading direction (b) Negative
loading direction

The attainment of serviceability limit state is assumed to occur when the deformation of the
member exceeds the specified permissible deformation limit. As mentioned above, a drift ratio
of 1.00% is specified for the serviceability limit of the structure by TEC2007 [24]. It is assumed
that a repair solution could be required if the joint attains the corresponding drift ratio limit
since it will not be serviceable beyond that limit. Therefore, the basic statistics of crack width
was obtained for 1% drift level (Table 4). In cracking response, the sensitivity measures show
a higher correlation on the concrete tensile strength while those related to compressive strength
is in the medium range (Figure 6a).

The probability of exceedance of a certain crack width for a particular value is the area under
the PDF. Figure 6b, which can be interpreted as a cumulative distribution function, can thus be
constructed by finding the area under the PDF for a particular crack width. For the given prob-
ability, the limit crack width to take repair action can be then obtained from Figure 6b. A value
defined in EN 1990-2002 [25] can be implemented as a limit probability of failure. EN 1990-
2002 [25] refers to the reliability index, B, which is the inverse of the probability of failure in
the Standard Normal distribution. The reliability index and corresponding failure probability
(pr) related to irreversible serviceability limit state for the period of 50 years in RC2 type struc-
tures are 1.5 and 6.68E-02, respectively [25]. If the reliability index of 1.5 (pr = 6.68E-02) was
adopted, the critical crack width for exceeding that failure probability would be approximated
to 2.9 mm and 3.5 mm for positive and negative loading direction, respectively. Those can be
used as a limit crack width which requires repair. It should be noted that smaller value (i.e., 0.5
mm) for significant joint cracking is proposed by Pantelides et al. [26]. The value of 0.5 mm is
mostly adapted for the shear dominant joint. On the other hand, the concrete at joint back split
from the surface in the simulated specimen which is mainly due to the anchorage push-out
forces generated by the deformation of the beam reinforcement hooks. Unlike shear cracks,
such a failure mode results in wider splitting cracks at joint back. Therefore, higher value of the
proposed limit crack width for joint repair (2.9-3.5 mm) could be attributed to the crack for-
mation due to anchorage push-out forces. A relatively low value of limit crack width is expected
when it is evaluated for the shear cracks. Moreover, studies show that the structural members
could be repairable even after excessive cracks formation at ultimate limit state [12]. On the
other hand, a repair action should be taken for the structural member which is supposed to be
serviceable after reaching the deformation limit of serviceability (and its corresponding crack
width). This was considered a criterion of reparability in this study.
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Figure 6: (a) Sensitivity measures of crack width at serviceability limit state (b) Probability of exceedance of
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4 CONCLUSION

This study investigates the response of substandard RC beam-column joints by computa-
tional stochastic mechanics. The experimentally validated deterministic numerical model was
first developed and then evolved to the stochastic level to capture the randomness in the distri-
butions of concrete material properties, and thereby characterize the capacity with possible up-
per and lower ranges. After the uncertainty analysis, the basic statistics of the response variables
(i.e., capacity and crack width) together with the probability distribution function (PDF) were
calculated for each drift level. The partial correlation coefficient between material parameters
and response variables was evaluated to outline the level of significance of the contribution of
each material property on the global response. The reparability level of the joint is also identi-
fied stochastically by the crack width distribution corresponding to the serviceability limit state.

The following conclusions can be drawn:

A relatively low dispersion can be observed in the capacity corresponding to first
joint cracking, serviceability limit state, and peak strength when varying between
5.67-7.02%. The experimentally observed peak capacity approximately lied in 2o-
band around the mean value.

The tensile strength of concrete displayed a crucial role in the strength and cracking
response of the joint.

Drift ratio of serviceability limit state was set as the threshold to undertake effective
repair actions. The statistics of crack width corresponding to the serviceability limit
state showed a high dispersion. Thus, the material properties have a high influence
on cracking response. The failure probability described in EN 1990-2002 [25] for
serviceability limit state approximates the limit crack width to 2.9 mm and 3.5 mm
for positive and negative loading direction of the investigated substandard joint.
Those were mainly due to anchorage push-out forces. Splitting cracks at joint back
due to anchorage push out forces resulted in wider cracks. Therefore, proposed value
of limit crack width for joint repair is higher than the one for shear cracks.
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