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Abstract 

Reinforced concrete (RC) walls are commonly used for buildings in regions of high seismicity to conform partly or 

totally their lateral load-resisting system. Among the features that influence the seismic response of RC walls are their 

geometry (e.g., I-, L- or C-shaped cross-section, cross-sectional aspect ratio), material properties, steel reinforcement 

detailing, confinement provisions, axial load ratio and shear span ratio. Several analytical models for nonlinear analysis 

of RC walls are available for research and design, programed based on different assumptions of material and/or element 

formulations (e.g. fiber- or strut-and-tie-based approaches, displacement- or force-based formulations with and without 

inelastic shear-flexure interaction). Studies have been conducted on the capability of these diverse approaches to 

simulate adequately the nonlinear behavior of RC walls with known experimental results, demonstrating their suitability 

for a wide range of engineering problems. However, other blind-prediction contests have also demonstrated that 

predicting accurately the actual response of a specimen under dynamic shaking is difficult, and the recorded dispersion 

in the results among team of experts is considerable; even when the geometric and material properties are well 

described, and the ground acceleration history is previously known. To determine the response sensitivity to variations 

in parameters of macroscopic models, sensitivity analysis based on Monte Carlo simulation is used through generation 

of plausible realizations in the Simcenter platform. RC wall specimen previously tested in the laboratory were used to 

validate two modeling approaches: (i) fiber forced-based model (FIBER), and (ii) the Nonlinear Truss model (NLT). 

For the NLT and the FIBER model, varied parameters for the formulations included material constitutive behavior of 

concrete and steel, axial load, mass, and damping ratio. The article quantifies the impact of modeling parameters in 

structural response, isolating in part, the record-to-record variability. Nevertheless, results indicate that the latter is the 

most important source of structural response variance. 

Keywords: RC walls, seismic response, modeling uncertainty, EE-UQ, SimCenter. 
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1. Introduction 

Reinforced concrete (RC) walls are commonly used for buildings in high seismicity regions to partially or 

fully conform their lateral load-resisting system. The nonlinear nature of the RC walls response is now-a-

days pushing the designers to use inelastic simulation to capture the broad range of plausible response when 

subjected to ground shaking of large intensity. Among the features that influence the seismic response of RC 

walls are their geometry (e.g., I-, L- or C-shaped cross-section, cross-sectional aspect ratio), material 

properties, steel reinforcement detailing, including confinement properties at the boundaries, axial load ratio 

(ALR = P/Agf´c), and shear span ratio (M/VLw). Another parameter that contributes to the response 

variability, in fact, the one that contributes the most, is the record-to-record variability of the input ground-

motion. Spectral acceleration at the first-mode period of vibration Sa (T1) is considered an effective Intensity 

Measure (IM)[1], nevertheless, among records with the same value of Sa (T1), there is still significant 

variability in the level of structural response in a multi-degree-of-freedom sytem[2], especially when 

subjected to high intensity demand levels that induce large inelastic displacements[25]. 

To determine the response sensitivity to variations in parameters of macroscopic models, a series of 

static and dynamic analyses were run in OpenSees [3] through the rescently developed Simcenter [28] platform. 

The specimen considered herein is RW2 from the Thomsen & Wallace [5]test set. Two finite element models, 

previously calibrated to simulate the laboratory response, are implemented to assess the variance in response 

associated to the modeling approach: (i) a fiber forced-based (FIBER) model, and (ii) a Nonlinear Truss 

(NLT) model. The results presented herein consider material parameter variations such as the reinforcement 

yield strength (fy), and the concrete strength (f´c). The impact of the variations of the equivalent damping 

ratio (), the mass, and the ALR in the response is also studied. To isolate the impact of the record-to-record 

variability, a ground motion set whose variance is reduced close to zero is employed. These records were 

previously selected by Arteta et al (2018) [6] to tightly match (TM) a target uniform hazard spectrum (UHS).  

This paper presents a methodology to statistically quantify the impact of the variation of the modeling 

parameters in the structural response of an isolated cantilever RC wall. This is a first approach to focus the 

modeling efforts on calibrating only those parameters that most impact the structural response for future 

research.  

2. Reliability of Structural Walls  

The aim is to model the structural response variance associated to the uncertainty in material properties, 

damping characteristics, axial load, and mass. Samples of the parameters are generated by Monte Carlo 

methods for simulating thousands of realizations of the model [7]. Sensitivity analyses provide a 

straightforward method for interpreting the effects of modeling uncertainties on response quantities of 

interest (Liel et al (2009) [8], Porter et al (2002) [9], Lee and Mosalam (2005)[10], Ibarra and Krawinkler (2005) 
[11], Aslani (2005) [12], and Esteva and Ruiz (1989) [13]). The effect of each random variable (RV) on the 

structural response is first evaluated by varying each modeling parameter, one-at-a-time, and recording the 

corresponding structural response. The realizations of each RV follow a probability density function (PDF) 

which describes the frequency of its occurrence according to data found in the literature which describes the 

empirical behavior. Later, all RV are varied at the same time, in a simulation of several thousands of 

realizations, to obtain a sense of the total plausible variance in the structural response. 

2.1 Sources of Uncertainty 

Ground motion 

Selection of earthquake ground motion (GM) records is a topic of ongoing research given the large 

uncertainty inherent to the ground acceleration production process. For example, for a given scenario of 

magnitude, distance and soil conditions, the total standard deviation (ln) of the GMs predicted by the NGA-

West2 GMPEs is around 0.7 in logarithmic units. This means that the GMs between +/- 1ln of the median 
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may differ by a factor of 4. For the seismic response of RC component and systems, Lee and Mosalam 

(2006)[14] reported that the ground motion variability is a more dominant source of uncertainty affecting 

global engineering demand parameters (EDP), as compared to the variability in response induced by the 

variance in structural properties. 

To isolate the impact of the record-to-record variability in structural response, a set of twenty 

accelerograms whose 5%-damped response spectrum tightly match a target UHS are employed (see Figure 

1a). These records are denoted the TM set and were previously selected and modified by Arteta et al (2018) 
[6] to test the impact of ground motion selection methods in the structural response of special moment frames 

in California. They have the main characteristic of exhibiting a variance close to zero (see Figure 1b). To 

test the impact of the GM intensity in the structural response, the GM set was increasingly scaled so that the 

median of the spectral acceleration was Sa(T1) = 0.05 g, 0.10g and 0.20 g. The first intensity level only 

imposed elastic demand on the wall, while the third level of demand pushed it considerably within its 

inelastic range of response. With each record, a nonlinear response history analysis (NL-RHA) is conducted 

to estimate the EDP of interest.  
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5 0.050 0.100 0.200

6 0.050 0.100 0.201

7 0.050 0.100 0.200

8 0.051 0.101 0.202

9 0.050 0.099 0.198

10 0.050 0.101 0.201

11 0.048 0.096 0.192

12 0.050 0.100 0.200

13 0.050 0.099 0.199

14 0.051 0.102 0.204

15 0.051 0.102 0.203

16 0.051 0.102 0.203

17 0.051 0.102 0.204

18 0.051 0.102 0.203

19 0.050 0.101 0.202

20 0.051 0.102 0.204Period, [s] Period, [s]
 

Figure 1. Selected ground motions: (a) 5%-damped spectral accelerations; (b) variability (in log units) of selected 

ground motions (after Arteta et. al (2018) [6]). 

Reinforcing steel yield strength 

The reinforcing steel yield strength (fy) is considered here as a source of uncertainty for academic purposes, 

although it variance is small thanks to the high-quality standards of the steel production process. According 

to Mirza and MacGregor (1979) [15], there are several sources that cause the variation in yield strength, such 

as: (1) variation in the strength of the material itself; (2) variation in the cross section area of the bar; (3) 

effects of the loading rate; and (4) definition of the strain at yield strength. Previous studies reporting on the 

variability in fy, were carried out by Mirza and MacGregor (1979) [15], Bournonville et al (2004) [16], Nowak 

& Szerszen (2003) [17], Allen (1972) [18]. In summary, these studies show experimentally that the PDFs that 

best fit the variation of this parameter are Normal and Beta with a coefficient of variation (COV) for grade 

60 steels between 3.5% and 6%.  

In this study, the Normal PDF used by Mirza and MacGregor (1979) [15] , with a coefficient of 

variation (COV) of 4%, is selected. Equation 1 describes the functional form of such PDF:  

  (1) 

where x is the mean and x is the standard deviation. 
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Unconfined concrete compressive strength 

The main source of variation in the compressive strength of concrete (f’c) are the variations in the material 

properties (e.g. strength and geometry of the rock, cement setting characteristics), in the proportions of 

concrete mix, and variations in the mixing process, transportation and placing. Mirza and MacGregor (1979) 

[19] and Nowak et al. (2008) [20] fit the f’c relative variations with a Gaussian PDF. Studies in the United States 

report a range of 0.1 to 0.2 for the COV of compressive strength of concrete [21]. Selected COV for this study 

is 0.15. 

Damping 

The equivalent damping ratio () has been usually selected to be 5%, but may vary for the same structure 

between ground motions of different or equal intensity, depending on the hysteretic energy dissipated by the 

components. According to a study conducted by Porter [9], the variability for this parameter can be fit through 

a Normal PDF with a COV in the range of 0.3 to 0.4. In this study the lower bound is select, e.g. COV of  is 

0.3. 

Mass 

The mass (M) of the wall is a source of uncertainty because the dimensions of the structural components are 

not exactly the same as provided in the design documents, and the unit weight of the materials is not 

perfectly known, which can significantly affect the dead load [9]. A Normal PDF proposed by Ellingwood et 

al. (1980) [22] is implemented herein with a COV of 0.10.  

Axial Load 

The variability in the axial load of a wall has some sources of uncertainty such as the geometric variations of 

the structural elements, impediment to obtaining exact unit weights of the construction materials, and finally 

the additional load it acquires during its service life when it acts as a resistance system within a building. 

Ellingwood et al. (1980) [22] describe the variation of the axial load using a Normal PDF and recommends a 

COV of 0.10.  

Table 1 summarizes the mean and COV of the parameters varied in this article. The mean values of fy, 

f’c and AL correspond to those reported by Thomsen & Wallace [5] and used by Arteta et al [24] for simulating 

experimental results. Mean value for   follows standard inelastic modeling practice [23]. The mean value for 

M is selected to produce a 1 s first-mode period for dynamic analysis purpose. 

Table 1 - PDF used to create variability in model inputs 

Parameter Distribution Mean COV 

fy (MPa) Normal 434 0.04 

f’c (MPa) Normal 44 0.15 

Damping,  Normal 0.025 0.30 

Mass, M (KN*s2/in) Normal 16 0.10 

Axial Load, AL (KN) Normal 378 0.10 

3. Specimen Calibration and Benchmark Response 

Before varying the modeling parameters, the empirical results of the RW2 specimen were simulated with the 

FIBER and the NLT models. These two models produce benchmark results for latter comparison. Their 

geometry, reinforcement detailing, and modeling parameters are described next.  

3.1 Geometry description and model formulation  

Specimen RW2 has 1200 mm in length (lw), 3650 mm in height (hw), and 100 mm in thickness (tw) (see 

Figure 2a). The axial load ratio (P/Ag f’c) is 7%, where P = AL, and Ag is the gross cross section area of the 

specimen. The shear span ratio (M/Vlw) is 3.13, hence the specimen is considered as slender. The longitudinal 
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reinforcement ratio of the boundary elements (ρ v,BE) is 2.93%, and the transverse and vertical steel ratio of 

the wall web are ρ h,web = ρ v,web = 0.33%. 

3.2 Analytical model calibration under reversed cyclic loading protocol. 

Figure 2a and b show the discretization of the mathematical models implement to test the variability in the 

structural response associated to modeling techniques. A main difference between both modeling approaches 

is that the force-based FIBER formulation is based on the classical beam Euler-Bernoulli theory in which 

plane sections remain plane before and after the deformation, and shear distortions are not accounted for. On 

the other hand, the NLT model can simulate inelastic shear-flexure interaction, and the compression field is 

accounted for by the diagonal elements. In the uncracked state, the stiffness of the NLT model is larger than 

that of the FIBER model due to the overlapping of concrete areas promoted by the discretization. 
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Figure 2. (a) Geometry and reinforcement detailing of RW2; (b) OpenSees FIBER model and (c) NLT model. 

The calibration of the parameters of the FIBER and the NLT models are consistent with those in 

Arteta et. al (2019) [24]. Figure 3 compares the experimental results of the reversed-cyclic loading protocol 

with the simulations performed in OpenSees for each model. There is an overall agreement between the 

experimental and simulated response in terms of strength, displacement, and energy dissipation for both 

models. 

(a) FIBER (b) NLT

 

Figure 3. Load-displacement responses simulated by the FIBER model (a) and the NLT model (b) (after Arteta et. al 

(2019) [24]). 
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3.3 Benchmark dynamic responses 

The sensitivity analysis of the structural response is performed in the dynamic domain with the models used 

to create the results in Figure 3. The mean mass and damping ratio in Table 1 are assigned to the models for 

generating the benchmark response under the TM set with the three scaling factors described before. Figure 4 

shows the relative frequency of maximum RDR for each model and demand level, along with the median 

value and the COV. These results will be referred to as the benchmark results in the reminder of the 

document. The median response of the NLT model is between 8 and 11% smaller than that of the FIBER 

model, with the difference being larger for the lower demand levels. This is consistent with the NLT model 

having a larger uncracked stiffness, and the models being excited within their elastic range of response. It is 

worth noting that albeit having almost no variance, the TM ground motion set produces structural response 

with COV in the range 0.11 to 0.24, being larger for ground motion intensity levels that yield the model. This 

is so because Sa(T1) loses its performance as predictor of the structural response as the intensity increases and 

the structure respond inelastically [25] [26]. 
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Figure 4. RDR response histograms for each scale factor level and each OpenSees analytical model. 

4. Methodology 

The application EEUQ [27] developed by the SimCenter is selected in the study for its capability of running 

thousands of NL-RHA in parallel through the DesignSafe platform[4]. Two approaches were followed to 

estimate the impact of the variability of modeling parameter in the structural response (i.e., the RDR of the 

wall): (i) the OAT (one-at-a-time) method, varies each of the 5 parameter in Table 1, one-at-a-time, sampling 

its distribution, and then running a simulation for a GM of the TM set. Each modeling parameter is sampled 

500 times for each model type, each GM, and each scaling factor; (ii) the ATST (all-at-the-same-time) 

method comprises 10,000 NL-RHA runs per model and scaling factor, in which all five modeling parameters 

are sampled at once in each realization. A total of 360,000 NL-RHA were performed for this study. The 6 

models created are organized as follow indicating the scaling factor and the model type: "Sa(T1)=0.05 

FIBER"; " Sa(T1)=0.05 NLT"; " Sa(T1)=0.10 FIBER"; " Sa(T1)=0.10 NLT"; "0. Sa(T1)=0.20 FIBER"; " 
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Sa(T1)=0.20 NLTM". For each of these models samples were generated considering all of the GM time 

series, using the Latin Hypercube Sampling (LHS) methodology. Figure 5 shows result of the maximum 

RDR for the FIBER model obtained for 2 GMs of the OAT subset and the Sa(T1) = 0.20 g scaling factor. In 

the figure, each row corresponds to a single GM, and the columns are the RDR response when each 

parameter is varied. It is worth noting that the median is stable among variation of parameters in a single 

GM, indicating no bias is introduced by the sampling approach. 
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Figure 5. Histogram of the response obtained GM from the OAT subset and Sa(T1) = 0.20 FIBER sub-

model. 

For determining the sensitivity of the structural response to variations of each modeling parameter, the 

"Relative Deviation Ratio" (θ) [29], is estimated. Equation (2) describes this index, which relates the COV of 

the model response (e.g. COV of the RDR) to the COV of the parameter.  

𝜃 =
𝐶𝑂𝑉𝑚𝑜𝑑𝑒𝑙

𝐶𝑂𝑉𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟
 

(2) 
The interpretation of Relative Deviation Ratio is as follows: consider two parameter distributions, one wide 

and the other narrow that produce the same COVmodel, intuitively one can say that the model is more sensitive 

to the input parameters of the narrower distribution. A large value of θ indicates that the model is sensitive to 

that parameter.  

4. Results 

4.1 OAT method 

Figure 6 shows the results of the 6 models organized as follows: (i) the x-axis represent each one of the 20 

GMs of the TM set, organized according to the median response each one induces on the structural models; 

(ii) the y-axis is the ratio between the median response under each parameter variation and the deterministic 

response under each GM; this index indicates how the median stochastic response deviates from the 

benchmark response. (iii) the size of the bubble indicates the COV of the structural response under each 

parameter variation; (iv) the color of each point indicates the parameter varied. For example: for the 

Sa(T1)=0.05 FIBER model, the first tick of the x-axis is GM N°17, the y-axis shows that all parameter 

variations produced similar stochastic deviations of the median from the benchmark response, but the 

response COV induced by variations in the mass (M), the axial load (AL), and damping ratio,   is larger. 

This is a common observation for all the models and scaling factors considered. It is worth noting that the 

steeper average slope of the FIBER subset in Figure 6 indicates that the record-to-record variability impacts 
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more the FIBER model than the NLT model, which seem more stable as the ground motion intensity 

increases.  
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Figure 6. Response obtained from the sub-models by performing one-at-a-time simulations. 

 

The sensitivity index θ was estimated for each model and a tridimensional surface summarize the 

results in Figure 7. For the case-study example, results indicate that parameters fy and M generate the largest 

impact on the RDR response. It is worth recalling that the COVfy = 4% and COVM = 10%, meaning that 

small variations in fy and M are generating great impact in the RDR response, as compared to those of, for 

example, the  variations, which produce large dispersion in the structural response (see Figure 6), but also 

have a wider PDF. Also note that θ increases with ground motion intensity, as the RDR variance increase in 

the inelastic range of response [25]. Except for the fy variations at the largest scaling factor (i.e. Sa(T1) = 0.2 g), 

 values for the NTL model are larger than those of the FIBER model, indicating a larger response variance 

as confirmed in Figure 6. 
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Figure 7. Surfaces generated with the θ sensitivity index values for each of the sub-models. 

4.2 ATST method 

The full structural response variation given the dispersion of the modeling parameters is obtained by 

performing 10,000 NL-RHA per scaling factor and model type, sampling all modeling parameters at once, 

including the input ground motion. Figure 8 shows the structural response data organized in Violin Plots 

describing the dispersion for each of the models considered. The benchmark response for each GM is also 

presented for context. The data is organized in descending order according to their median values to show 

how the record-to-record variability impacts the response. Horizontal dotted lines indicate the range over 

which the median varies.  

Results in Figure 8 confirm that the dispersion in the response increases with GM intensity. 

Furthermore, the record-to-record variability shown indicates that elastic spectral coordinates might not be 

the best predictor of the structural response under study. For instance, although all GMs of the TM set have 

identical spectral coordinates, the ratio between de maximum median response and the minimum median 

response is between 1.6 and 2.4, being larger for increasing scaling factors. The results also confirm that the 

NLT model exhibits smaller median RDR values than those of the FIBER model, although the difference 

reduces as the intensity level increase because the inherent larger initial stiffness has less impact in the 

response. 
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Figure 8. Violin plots of the RDRs obtained for each of the models, varying all the parameters at the same 

time. 

 

Figure 9 shows the results of the ATST method for the three scaling factors aggregating the results of 

the FIBER and the NLT model. Also presented are the median, and minimum and maximum response of the 

benchmark results also aggregating both models. It is noted that the minimum and maximum deterministic 

benchmark results capture between 86% and 95% of the stochastic results, indicating that the record-to-

record variability is the largest source of variability when modeling RC walls as the one considered here. 

This is so, because there is no GM variation between the benchmark and the stochastic results. It is also 

noted that RDR values on the right tail of the distributions are mainly contributed by the FIBER model. 
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Figure 9. RDR response histogram for the ATST method, considering the FIBER and NLT model 

5. Conclusion 

The article presented a simple methodology to estimate the influence of modeling parameters in the behavior 

of an isolated slender shear wall as subject of analysis. The influence is calculated using  the "Relative 

Deviation Ratio" which is the ratio between the variance of the parameters and the structural response 

variance. For the case study and modeling parameters presented, variance in the yield strength and mass of 

the model generated the greatest impact in the structural response. This means that the model is more 

sensitive to changes in fy and mass. Nevertheless, the bubble charts showed that the highest COV in the RDR 

response was induced by the damping ratio given its large dispersion. A ground motion set with no 

variability in their spectral coordinates was selected to isolate the record-to-record variability effects. 

Nevertheless, as the problem is highly nonlinear, the results showed that the ground motion selection has a 

great impact in the structural response observed. Future research must expand the number of modeling 

parameter studied to have a broader sense of their importance when calibrating mathematical models 

representative of actual structures. 
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