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ABSTRACT 

 

 In order to assess the structural performance of grouted prestressing systems in nuclear power 
containment vessels, a full containment vessel was modeled using the finite element program, ABAQUS. 
Both bonded (grouted) and unbonded (ungrouted) prestressing systems were modeled. Prior to simulation 
of grouting, both models were identical, with the prestressing stages modeled explicitly, and friction 
represented along the tendons. The results indicate higher peak stresses and strains in the bonded model 
since the tendon system is not permitted to slip and redistribute forces as the vessel deforms. 
Correspondingly, it is noted that the analysis predicts failure of the vessel at a lower internal pressure in 
the case of the bonded system. This work is an extension of a collaborative study of finite element 
analysis (FEA) of prestressed concrete containment vessels (PCCVs) sponsored by the United States 
Nuclear Regulatory Comission (USNRC) and the Atomic Energy Regulatory Board (AERB) of India. 
Particular emphasis was placed on advancing the state of the art in modeling tendons [1]. 
 
INTRODUCTION 

 
 The United States has 104 operating nuclear power plants, where 37 of these plants are 
prestressed concrete containment vessels (PCCVs). Of these PCCVs, only one plant uses grouted tendons, 
although grouted systems are used extensively in other parts of the world [2]. Since grouted tendons are 
used in other countries and with the influx of new plant applications in the U.S., there are multiple 
licensees requesting the use of grouted tendon systems in PCCVs. In order to assess the structural 
performance of grouted prestressing systems in nuclear power containment vessels, a full containment 
vessel was modeled using finite element analysis (FEA). Both grouted and ungrouted systems were 
modeled for comparison. The finite element models were created for the NRC/Nuclear Power 
Engineering Corporation (NUPEC) 1:4-Scale PCCV test structure constructed at Sandia National 
Laboratories.  
 In U.S. practice no standard exists for the analysis of containments for design loads or for beyond 
design basis loads. However, for most containment design conditions, elastic model analysis and design 
calculations are typical because it provides a simplified closed-form analytical solution to demonstrate 
compliance with the ASME (Section III Division 2) Code. For such cases, prestressing loads are applied 
as fixed loads. This means that the tendons are not modeled explicitly because only the force effects of 
the tendons are applied, and these sets of forces are applied once at the beginning of the analysis and do 
not change during pressurization. 
 In the U.S., severe accidents are typically understood as those accidents not included in the design 
or licensing basis due to their low probability of occurrence. They are also referred to as “beyond design 
basis” loads. As the understanding of severe accidents has matured, along with probabilistic safety or risk 
assessment methods, interest in the response and capacity of containment structures to resist severe 
accident conditions has also increased. Depending on national regulatory requirements and practice, it 
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may be inappropriate to continue to speak of ‘design basis’ and ‘beyond design basis’ loads, but rather 
recognize that performance criteria (e.g. elastic stress limits versus plastic strain limits) will vary 
depending on the severity and likelihood of the loading conditions. As a result, depending on the goal of 
the analysis, the choice of tendon modeling methodology will differ. Further, in some other countries, 
different containment geometries (for example, unlined PCCVs) may place greater emphasis on FEA 
simulation of tendon performance [2].  
 The intent of this paper focuses on comparing the performance of grouted and ungrouted tendon 
systems used for ‘beyond design basis’ accident loading. Stating this performance criterion as an 
analytical goal at the outset, it becomes absolutely necessary to represent tendons directly in the FEA 
model as a stiffness element, not simply as a set of forces since, a) forces distribute and change during 
pressurization, and b) tendons, as a structural component, participate in and influence the structural 
response. 
 
PCCV FINITE ELEMENT MODELING  

 

 The geometry of the Prestressed Concrete Containment Vessel (PCCV) studied in [1] is shown in 
Figure 1 and is based on the USNRC/NUPEC/Sandia 1:4-Scale PCCV test model [3]. Concrete was 
simulated using the ABAQUS concrete “Damaged Plasticity” constitutive (stress-strain) model [4]. This 
model utilizes a smeared-cracking formulation in tension where cracking occurs at the element integration 
points. It should be noted that “smeared-crack” is not a discrete crack formulation, i.e., where nodal 
points are “unzipped” along cracks, but it is the most widely used in detailing concrete FEA of large, 
heavily reinforced concrete structures. The method has been compared and validated against many 
standard problems with known solutions and against laboratory experiments. In compression, “crushing” 
is typically simulated using as a nonlinear plastic behavior influenced by the presence of confining 
stresses. Steel elements were simulated using ABAQUS Standard Plasticity, i.e., an “incremental” theory 
where the mechanical strain rate is decomposed into an elastic and plastic part. The stress-strain inputs to 
these models consist of effective stress (Mises) and effective plastic strain. 
 

 
 Figure 1. ABAQUS model (left) and 1:4-scale PCCV test model (right) 

 
 
The model includes concrete, tendons (hoop and vertical), rebar (hoop and vertical), and liner. Shear 
reinforcement was not included in the model, since the structure wall was represented by shell elements. 
Concrete was modeled with 4-node shell elements (for which through-wall shear response is 
approximated by elastic shell theory), and rebar was modeled with embedded subelements, tendons with 
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two-node beam elements, and liner with 4-node shell elements, overlain onto the same nodes as the 
concrete shell nodes, but offset by the appropriate eccentric dimension. 
 
FINITE ELEMENT REPRESENTATION OF UNBONDED AND BONDED TENDONS 

 

In PCCVs, prestressing is provided by an arrangement of steel tendons. Typically, each horizontal 
tendon makes a complete loop of the containment and is anchored within a buttress. Each horizontal 
tendon is tensioned on both ends. The vertical tendons can be of two types: curved (sometimes called 
‘hairpin’ tendons), and ‘pure’ vertical tendons. The curved tendons are vertical tendons which are 
returned over the dome and tensioned at both ends. For straight vertical tendons, the upper end is 
anchored at a dome ring and the lower end is anchored in the vertical tendons prestressing gallery, located 
underneath the support slab. Layout of the finite element modeled hoop and vertical tendons are 
illustrated in Figure 2.  

 
 

Figure 2. Model highlighting all tendons (left), hoop (center), and vertical (right) tendon layout 
 

Simulating Initial Conditions and Losses 

 
 The aforementioned research programs [1] have concluded that prestressing losses must be 
accounted for to accurately represent the actual stresses that will exist in the containment. Losses were 
simulated through tendon friction modeling. A method that captures this process is through applying an 
advanced contact friction surface between the tendons and the concrete.  

To simulate friction behavior, various methods are available. In the early analysis stages prior to 1:4-
Scale PCCV model, single tendon elements were modeled and connected to the concrete through contact 
surfaces. This contact condition requires that the nodes of the tendon and the nodes of the concrete be 
coincident. This methodology worked well for small models, but as the complexity of the tendon 
geometry grew, making the concrete mesh compatible with the tendon mesh is extremely difficult and 
time consuming. As a result, an advanced methodology was adopted to facilitate the modeling of the 
tendon-concrete interaction for the 1:4-Scale PCCV model. Every node of the tendons has a matching 
reference node that shares the same space. These reference nodes are tied to the surface of the concrete 
and transfer forces and displacements directly to the concrete. Connector elements are used to constrain 
the tendon nodes to the reference nodes. The connector type selected in ABAQUS is “SLOT” connectors. 
The advantage of using “SLOT” connector elements over contact surfaces is the simplicity of the 
interaction. “SLOT” connector elements restrain motion between two nodes in two translational 
directions and allow motion in one direction, as illustrated in Figure 3. This one direction is assigned to 
be tangent to the curve at that point. In the motion direction, friction is assigned and is active in the 
jacking and anchor-set solution steps. The connector elements are able to solve for the frictional 
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resistance by taking the force normal to the direction of motion that determines whether sticking or 
slipping occurs. The traction and normal forces exerted by the tendons are transferred directly to the 
concrete through the reference nodes. These slot connectors represent the connection between the tendon 
and the concrete prior to grouting. 

 

 
Figure 3. Illustration describing behavior of SLOT connectors [4] 

 
 In addition to angular friction, simulation of anchorage is performed through analytical 
representation of losses, as described below. Every tendon was modeled, and each tendon had a “jacking 
element” protruding from the tendon end zone. These tendons are defined with elastic properties. All 
prestressing is applied to these elements by applying temperature contraction to them. (The same effect 
can be achieved by applying initial stress.) Then the stresses distribute all the way around the vessel in the 
tendons (during solution equilibrium iterations). This action is analogous to a jack pulling tendons ends 
out of the structure. During the prestressing step, the ends of the jacking elements are rigidly-linked to the 
nearest concrete node. The analysis sequence for tendon jacking is illustrated in Figure 5. 
 

 
Figure 4. Hoop tendon jacking elements and tendon nodes shown relative to concrete nodes in the buttress 

region 
 

 As illustrated in Figures 4 and 5, the outer ends of the jacking elements are mathematically “tied” 
to a concrete node in the center of the buttress; the limitations of shell element representation of the 
buttress zone caused problems and unrealistic behavior when these nodes were tied to the exterior buttress 
nodes (because in fact, no node exists at the exact, exterior jack location). The next tendon nodes moving 
inward from the ends are 1) located at the center of the buttress (when the tendon is in the undeformed 
position), and 2) at the tendon “tangent” point, when the tendon (as-built in the structure) begins curving 
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around the concrete cylinder. This node is the first point where friction begins through the “SLOT” 
connector elements. 
 

 
Figure 5. Deformed shape of hoop tendon anchor system after “jacking loading step” and after “anchor 

set step” 
 

At the end of the jacking solution step, the anchor-set step is conducted. Within this solution step, 
the ties from the tendon ends are removed, the tendon end elements are removed, and new ties (in the 
deformed position) are “birthed” between the new tendon-ends and the center node of the concrete 
buttress. The final configuration at the end of anchoring is shown in Figure 4. This procedure is quite 
analogous to what occurs during construction. The tendon end is the part of the tendon that is pulled out 
beyond the face of the concrete and essentially no longer exists for purposes of the completed structure 
(and in fact in most prestressing applications, is simply cut off). The procedure described produces the 
stress distribution in navy blue curve (0xPd, 0 MPa) of Figure 6. 
 To validate the effectiveness of friction modeling handled through FEA, tendon force distribution 
was compared with test measurements. The results for one hoop tendon is shown in Figure 6 and 7.  
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Figure 6. Abaqus analysis – hoop tendon H35 force 
 

 
Figure 7. 1:4-scale PCCV limit state test – hoop tendon H35 force 

 
While it is difficult to compare the results precisely due to the limited number of instruments on 

the tendons, for the hoop tendons, in particular, the trend agrees well between the analysis and test. 
Similar comparisons were completed for the vertical tendons. Although some vertical tendons exhibited 
differences from analysis in stress distribution in the dome, in general, the stress levels and effects of 
friction show similar trends. 
 
Method for Modeling Bonded Tendons 

 

 In actual construction, all post-tensioned systems start out with unbonded tendons. So the 
unbonded tendon FEA modeling technique is pertinent to these systems in either case. For the bonded 
tendon FEA, after the tendons have been jacked and anchored, the SLOT elements are then replaced with 
BEAM elements, which restrain all six degrees of freedoms of the tendon node to the vessel-concrete 
node. Once these BEAM elements are activated the tendon can no longer move relative to the vessel, 
thereby simulating a grouted tendon. Note that it is restrained (“grouted”) in its deformed position relative 
to the concrete, and stays that way throughout pressurization analysis.  
 
RESULTS 

 

To demonstrate the differences between bonded and unbonded tendon behavior, several 
comparisons were made. Figure 8 plots a comparison of radial displacement at an elevation of 4.68 meters 
which is near cylinder mid-height at various design pressure (Pd) milestones. All of the unbonded tendon 
results are solid lines, while the bonded tendon model results are dashed lines. Additionally, one set of 
horizontal and vertical tendon strains are compared and plotted in Figure 9 and Figure 10. The horizontal 
tendons taken for comparison are the H35 tendon which is located near the cylinder mid height between 
the Equipment Hatch (E/H) and Personnel Airlock (A/L). Also shown in a vertical tendon, V37, which is 
located at azimuth 240°. Both sets of tendons are part of the Standard Output Location requirement for 
the Round Robin analysis, performed concurrently with this study. 
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Figure 8. Radial displacement comparison of bonded vs. unbonded tendon model  

 
 The radial displacement comparisons show that at the azimuths with largest radial displacements 
(azimuths which will tend to drive the failure of the vessel) in the bonded tendon solution are consistently 
larger than the unbonded. At 3.6Pd pressure, the differences are approximately 7%. The differences in 
strains in the tendons are a similar magnitude. 
 Two important general observations can be made with regard to the radial expansion of the 
cylinder at mid-height and the hoop tendon behavior: 

1. Cylinder deformations are larger with bonded tendons, all other things equal 
2. At high pressures, strains (and forces) are less well distributed along the tendon, and peak 

strains are larger with bonded tendons than unbonded tendons 
The vertical tendon behavior comparison (Figure 10), in some ways, is even more illustrative of 

the differences between bonded and unbonded tendons. At low pressures, as expected, the tendon strain 
distributions begin the same. By pressures of 2.5Pd and beyond, very noticeable differences occur. The 
differences correspond to the local distribution of vertical strain (including some bending effects near the 
wall base and near the springline) in the cylinder wall. Each increment of additional vertical strain in the 
cylinder wall adds to the strain in the adjacent tendon element one-for-one for the bonded case, but NOT 
for the unbonded case. For the unbonded case, the vertical tendons only respond to the total strain from 
top to bottom of the model, and along the cylinder, maintain uniform strain distributions. By 3.6Pd, this 
results in approximately 8% larger peak strains in the bonded tendons versus the unbonded ones. 
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Figure 9. Comparison of bonded vs. unbonded hoop tendon H35 strains  
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CONCLUSION 

 

 Assessment of PCCVs requires proper structural analysis and understanding the structural 
performance criteria. In the case of performing a severe accident analysis, several improvements in 
various aspects of modeling have been studied and developed. This paper demonstrates the use of new 
best practices in tendon modeling, particularly, in simulating prestress losses. Additionally, with a surging 
interest in using grouted tendons, comparisons between grouted and ungrouted tendons are addressed.  

For each FE model created, FE representation of losses is similar for both grouted and ungrouted 
tendon systems. Comparisons of tendon stress distribution to the test show that the friction modeling 
strategy is effective, and is in reasonable agreement with design and with observations from the 1:4-Scale 
test. It became apparent that modeling only the “force effects” of the tendons is only appropriate for 
elastic analysis, and is inappropriate for severe accident analysis. From an FE perspective, it is far more 
computationally ‘elegant’ to use friction (“SLOT” type connector elements) to reach the prestress 
distribution automatically and is a better predictor of true behavior during pressurization for unbonded 
tendons. It also provides a straightforward method to implement a ‘grouting step’ for bonded tendons. 

Comparing bonded versus unbonded tendon systems results in bonded tendons producing larger 
radial deformations than unbonded tendons. At high pressures, strains (and forces) are less well 
distributed along the tendons for bonded tendons because local increments of strain in the vessel wall 
must track one-for-one with tendon strain increments; such is not the case for unbonded tendons. 
Furthermore, peak strains are larger with bonded than unbonded tendons. This leads to a broad conclusion 
that bonded tendons will reach a failure limit state (either liner tear/leak or tendon failure) at lower 
pressures than unbonded tendons.  
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