
 
 

 Transactions, SMiRT-24 
BEXCO, Busan, Korea - August 20-25, 2017 

Division V 
 

THREE-DIMENSIONAL NONLINEAR MODELING OF REINFORCED 
CONCRETE SLAB-COLUMN CONNECTIONS WITH UNREINFORCED 

COLUMN CAPITALS 
 

J. Ben Deaton1, Andrew T. Sarawit2, Said Bolourchi2 
 
1 Formerly at Simpson, Gumpertz, & Heger, Inc., Boston, MA, USA 
2 Simpson, Gumpertz, & Heger, Inc., Boston, MA, USA 
 
ABSTRACT 

Older nuclear facilities occasionally possess column-supported slabs with unreinforced column 
capitals which were designed and constructed prior to the adoption of adequate seismic design provisions. 
Such column capitals are provided to improve the punching shear capacity of the connection under 
gravity loads, but the response due to seismic loading can lead to spalling of unreinforced capitals, 
resulting in a punching shear failure of the slab. Due to the lack of adequate guidance in existing building 
codes to predict the capacity of such capitals under combined vertical and lateral load, nonlinear finite 
element analysis was used to evaluate the seismic vulnerability of such connections. In this paper, the 
DIANA nonlinear finite element code was used to evaluate the response of slab-column connections with 
unreinforced column capitals. The three-dimensional models developed using this software included 
nonlinear material behaviors such as concrete cracking and crushing, reinforcing bar plasticity, and 
nonlinear bond-slip at the concrete-reinforcing bar interface under cyclic loading. The adequacy of the 
modeling procedure was first evaluated by comparing responses with the results of a slab-column 
connection tested at UC Berkeley under bidirectional reversed cyclic loading. The ability of finite element 
analysis to simulate the experimental force-displacement hysteresis response and reproduce 
experimentally-observed crack patterns is assessed.  

 
INTRODUCTION 
 
 Seismic evaluation of an old nuclear facility indicated a potential vulnerability related to the 
behavior of unreinforced concrete column capitals which were designed and constructed prior to the 
adoption of adequate seismic design detailing provisions. Such column capitals are provided to improve 
the punching shear capacity of the connection under gravity loads, but the lateral response due to seismic 
loading can lead to spalling of unreinforced capitals, resulting in a punching shear failure of the slab. Due 
to the lack of adequate guidance in existing building codes to predict the capacity of such capitals under 
lateral load, nonlinear finite element analysis was used in this study to evaluate the seismic vulnerability 
of such connections.  The cost of performing a full scale physical tests of the column capitals of interest 
subject to cyclic load was not feasible at the time this study was carried out. 
 During the course of this study, detailed nonlinear finite element models were used for multiple 
purposes. First of all, high fidelity models were used to develop simplified connection models which were 
suitable for later use in a global pushover analysis of the entire facility structure. Second, high fidelity 
nonlinear models were developed of key slab-column connections with capitals and subjected to demands 
calculated using the global pushover analysis in order to evaluate the capacity of these connections under 
design basis seismic events. 
 In order to responsibly employ nonlinear finite element analysis in such a capacity, careful 
calibration and validation work must be performed in order to verify the appropriateness of modeling 
assumptions, constitutive models and associated parameters, and that such a modeling approach is 
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capable of reproducing key behaviors exhibited in experimental evaluation of specimens with 
characteristics adequately similar to the building of interest. The following sections describe such a 
validation exercise. Note that all material models that were used to model the structural components were 
validated using appropriate experimental data during the actual study; such exercises were omitted from 
this paper to focus on the subassembly validation procedure.  
 
MODELING APPROACH 
 

Column capitals were modeled using the finite element software DIANA (2014). DIANA was 
chosen for this study based on its extensive experimental validation for nonlinear concrete failure 
mechanics problems in the literature. Its use is further supported by previous research conducted by 
Deaton (2013) regarding the simulation of nonseismically detailed connections in reinforced concrete 
buildings subjected to bidirectional cyclic loading. 

Concrete was modeled using solid elements, reinforcing bars with truss elements, and bond-slip 
using interface spring elements. All reinforcing bars (longitudinal and transverse) were discretely 
modeled in the capital region. All longitudinal reinforcing bars were simulated using nonlinear bond-slip; 
transverse reinforcing bars were embedded in concrete host elements with perfect bond. The average 
element size in the capital region was approximately 2.0 inches.  

The model included nonlinear material behaviors such as concrete tensile cracking, concrete 
compression crushing, steel reinforcing bar plasticity, and bond-slip at the concrete-steel interface. The 
constitutive framework used in the analysis for concrete was the total strain rotating smeared crack model 
formulated by Selby and Vecchio (1993). The tensile response followed the uniaxial curve proposed by 
Hordijk (1991), while the compression response followed the uniaxial curve proposed by Thorenfeldt et 
al. (1987). Concrete fracture energy was computed per Remmel (1994). Reinforcing bars were simulated 
with von Mises plasticity with bilinear kinematic hardening. The bond-slip law followed the provisions of 
the CEB-FIP Model Code 1990 (1993).  

The cyclic response of the concrete model uses the secant stiffness for unloading and reloading 
behavior. The uniaxial cyclic response of concrete in compression and tension is shown in Figure 1A; the 
cyclic formulation allows for simulation of a highly pinched hysteretic response, typical of seismically 
deficient reinforced concrete behavior. The response of steel reinforcements subjected to reversed cyclic 
loading is shown in Figure 1B. 
 

 
(A) Concrete      (B) Reinforcing Bars 

Figure 1: Reversed Cyclic Response of Concrete and Steel Reinforcing Bars 

 
DESCRIPTION OF EXPERIMENTS FOR MODEL VALIDATION 
 

In order to determine the suitability of the above-described modeling procedure to evaluate the 
column capitals in the nuclear facility building, the modeling procedure was validated using data from 
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experiments conducted by To and Moehle (2012) at UC Berkeley. The experiments consisted of two one-
half scale reinforced concrete slab-column connection subassemblies with characteristics similar to the 
capitals in the nuclear facility of interest. Photographs of the experimental set-up are shown in Figure 2. 
The subassembly possessed a 14 ft. square slab, 12 in. square column, and a capital below the slab with a 
pitch of approximately 1:2. The slab reinforcing was typical for gravity load-based design, the column 
possessed spiral transverse reinforcement and a lap splice above the slab, the column capital cover was 
unreinforced. Dimensions and reinforcement details for the experiment are shown in Figure 3. The 
subassembly was pin-supported at the base and supported by hinged vertical struts at eight locations 
around the slab perimeter, illustrated by the schematic shown in Figure 4. A column axial force equal to 
approximately 2.6% of the column capacity was applied together with distributed lead weights on the slab 
to generate expected demands present in a low-rise building under gravity effects. Once in this 
configuration, a bidirectional quasistatic displacement-controlled load history was applied to the top of 
the column, also shown Figure 4. Twelve bidirectional cycles were applied at drift levels ranging from 
0.25% to 10%.  

To and Moehle described the failure modes exhibited in the test, which included the following: 
The slabs failed by the formation of four large cracks around the perimeter of the column capitals just 
below the slab, which resulted in formation of a plastic hinge in the slab. Some spalling of the capital 
concrete was observed, although the load level corresponding to this mechanism was not documented. 
The first large drop in strength occurred at a drift level of approximately 3.5%, at which point large cracks 
formed around the four sides of the column at the top of the slab, which To and Moehle denoted “reverse 
shear punching.” Photographs showing the formation of visible cracking and plastic hinges at the slab-
capital interface, spalling of the capital, and reverse punching shear are provided later in Figures 11 to 13. 
To and Moehle did not report specific data regarding measured crack widths or the size of spalled regions. 

Force-drift hysteresis plots reported by To and Moehle are shown later in Figure 7, for both 
loading directions. These plots demonstrate that the onset of nonlinearity, and therefore microcracking, 
began prior to a drift level of 1%. Stiffness degradation is apparent for all cycles with drift levels larger 
than 0.5%. In both directions, the peak capacity was reached at approximately 2% drift, at which point the 
strength gradually decreased in subsequent cycles. In both directions, there was a decrease in capacity 
between drift cycles at 3.5% and 4.0%.  
 

 
Figure 2: Experimental Slab-Column Subassembly Tested by To and Moehle 
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(A) Column 

  
(B) Slab Top Bars    (C) Slab Bottom Bars 

Figure 3: Validation Specimen Dimensions and Reinforcement Details (Slab Reinforcement 
Identical in North-South and East-West Directions) 

 
VALIDATION FINITE ELEMENT MODEL 

 
We developed a finite element model of the experimental slab-column subassembly using the 

procedure and constitutive models described previously.  The concrete mesh is shown in Figure 5. The 
mesh contained approximately 19,000 elements, which had an average dimension of 2.0 inches. The 
column contained six elements through the depth, and the slab contained two elements through the depth.  
In Figure 5, the regions shown in blue had nonlinear material properties; the regions shown in gray were 
elastic but had the same elastic stiffness as the nonlinear regions. The regions shown in red were elastic 
and were much stiffer to facilitate redistribution of forces developed from displacement boundary 
conditions into the connected columns. The reinforcing bar mesh is shown in Figure 6. Longitudinal bars 
in the slab and vertical bars in the column were simulated with nonlinear bond-slip interface elements 
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connecting the bars to the concrete mesh. The spiral reinforcement in the column was simulated with 
perfect bond. Reinforcements were simulated by a total of 940 truss elements. 

The base of the column was pin-supported. The eight vertical struts were simulated as roller 
supports at the center of the eight regions shown in gray in Figure 5. The column axial force and self-
weight of the distributed lead weights were applied to the column top and slab surface, respectively, as 
pressure loads.  

The model was subjected to alternating bidirectional cyclic load cycles under displacement 
control corresponding to 1%, 2%, 4%, and 6% drift. This displacement boundary condition was applied to 
the center node on the top surface of the column. Fewer cycles were simulated than the experimental due 
to the high computation time required to complete the simulation. The solution time was approximately 
40 hours. 
 

 
Figure 4: Validation Model Schematic and Bidirectional Load Pattern 

 
 

   
 
 

(A) Top View     (B) Bottom View 

Figure 5: Experimental Validation Finite Element Mesh 
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(A) Reinforcing Bar Mesh for Full Subassembly   (B) Detail View of Column Spiral Reinforcement 

Figure 6: Validation Model Reinforcing Bar Mesh 

 
DISCUSSION OF RESULTS 

 
The calculated force-drift response from the validation model is compared to experimental results 

in Figure 7, for both East-West and North-South loading cycles. In these plots, good agreement is seen 
between the experiment and simulation. The model accurately captured stiffness degradation and a highly 
pinched response throughout the simulated load history. The simulation also captured a decrease in 
strength following the 2% drift cycles, which was also exhibited by the experimental response. It is 
expected that the simulated post-peak strength degradation would become more pronounced if the full 
experimental drift history had been simulated, which would have resulted in greater accumulated damage.  

The damage incurred in the finite element analysis simulation was compared to that observed in 
the experiment. For the purpose of comparison to experimental photos, it is important to emphasize that 
the material model constitutive theory is a smeared crack model, meaning that localized, discrete cracks 
are not captured. Instead, the model identifies regions of cracking. The software DIANA visually 
indicates cracked regions using a “crack plot,” in which elements where at least one integration point has 
experienced cracking are visually removed and small discs are shown parallel to crack directions at each 
integration point. The crack plots shown for the validation model indicate elements which have exceeded 
an elastic strain limit of 0.0001 in/in, which indicates the presence of microcracking. Visible crack 
opening occurs at significantly higher levels of strain, approximately 0.0014 in/in. Therefore, use of crack 
plots with a threshold cracking strain of 0.0001 is not appropriate for direct comparison with photographs 
of visibly cracked concrete, and the strain level in reinforcement can be used to identify visible cracks 
more effectively.  

The initial microcracking in the model began during the first cycle and initiated in the slab at the 
capital face and also at the top corners of the capital. At the end of both bidirectional cycles at 1% drift, 
the simulated damage to the subassembly is shown in Figure 8. The figure shows that the majority of 
microcracking is concentrated in the slab around the capital perimeter, with flexural microcracks 
extending toward the slab edge as well as cracking in the lower region of the column; comparison of the 
calculated microcrack pattern shows good general agreement with the pattern of visual cracks in the slab 
reported by To and Moehle. An isolated view of the capital region after both 1% drift cycles is shown in 
Figure 9; this figure matches experimentally observed damage local to the upper capital corners just 
below the slab, indicating that the model is capturing damage in the correct sequence and locations (i.e. 
damage to the upper capital corners following hinge formation in the slab).  

The onset of reinforcing bar yielding in the slab occurred during the first 2% drift cycle. This 
result implies that elastic reinforcing bars would close the microcracks developed in the slab during the 
1% cycles. The hysteresis plots in Figure 7 show that strength degradation began after the 2% drift cycles. 
Drift levels larger than 2% are expected to lead to visual cracking, which is in general agreement with the 
test. 
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In order to provide comparisons of computed damage with photographs of physical damage and 
cracking for the experiments, the results of the analysis were post-processed in FEMAP to better identify 
regions in which large principal tensile concrete strains in excess of 0.002 in/in occurred. The regions of 
visible cracking corresponding to the final peak displacement during the 6% drift bidirectional cycles is 
provided in Figure 10. The large cracking strains at the intersection of the upper column stub with the slab 
agree with the discrete cracks shown in the experiment in Figure 11. The simulated damage to the corners 
of the column capitals matches that observed experimentally, shown in Figure 12. The large cracking 
strains on the top surface of the slab around the perimeter of the capital agree with the plastic hinging 
mechanism described by To and Moehle and is shown in Figure 13.  
 

            
(A) East-West Response    (B) North-South Response 

Figure 7: Comparison of Validation Finite Element Model vs. Experimental Force-Drift Response 

 

  
(A) Above      (B) Below 

Figure 8: Microcrack Pattern at End of 1% Drift Bidirectional Cycles 

 
Figure 9: Microcrack Pattern at End of 1% Drift Bidirectional Cycles (Capital Region Only) 
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(A) View from Above 

 

 
(B) View from Below 

 
Figure 10: Visibly Cracked Areas at 6.0% Drift 
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Figure 11: Comparison of Visual Damage in Experiment with High-Strain Regions at Slab Top 

Surface at Column Perimeter 
 
 
 

 

 
Figure 12: Comparison of Visual Damage in Experiment with High-Strain Regions In/Near 

Column Capital (View from Below Slab) 
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Figure 13: Comparison of Visual Damage in Experiment with High-Strain Regions at Slab Top 

Surface around Column Capital Perimeter where Plastic Hinges Developed 
 
CONCLUSIONS 
 

In this paper, a modeling approach was investigated for use in the structural evaluation of 
unreinforced concrete column capitals in an old nuclear facility. A validation study was conducted to 
determine whether the proposed modeling strategy was suitable for capturing the key nonlinear behaviors 
exhibited by an experimental specimen with characteristics similar to those in the building of interest. 

The proposed modeling strategy successfully simulated the experimental slab-column connection 
response tested by To and Moehle. Behaviors captured included the cyclic force-displacement response of 
the experimental specimens including pinched hysteresis, strength degradation, and stiffness degradation 
responses, the strength hierarchy and failure modes of the specimen, and the progression of cracking and 
damage in the region of the capital. Based on this, such an approach was deemed suitable for evaluation 
of the nuclear facility column capitals. 
 After the modeling approach was carefully validated, it was employed in investigation of the 
nuclear facility of interest for a range of applications ranging from component-level evaluation of column 
capitals to development of simplified models for column capital region suitable for use in a global 
pushover analysis of the entire building structure. 
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