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ABSTRACT 

  

Research aimed toward understanding the underlying mechanics and behavior of curved post-

tensioned concrete structures subject to prestressing loads (e.g., nuclear containment buildings, storage 

silos, and similar structures) is presented. Previous research focused on radial (i.e., out-of-plane normal) 

stress development has been primarily analytical in nature and there is essentially no experimental research 

on this topic currently available in the open literature. This study is aimed at producing unique experimental 

data to gain insight into the effect of localized radial tensile stresses and concrete delamination behavior in 

curved post-tensioned structures. Three 90° curved post-tensioned concrete wall assemblies (referred to as 

Specimens 1, 2, and 3) were constructed and tested to delamination failure under monotonically increasing 

prestressing loads. In an effort to study the influence of wall size-effect, all dimensions of Specimen 2 were 

doubled those of Specimen 1. In Specimen 3, the size of the maximum aggregate was changed, while the 

dimensions and nominal design strength of the concrete were maintained. Test results showed a size-effect 

related influence on the delamination failure loads. Furthermore, it was revealed that the onset and 

propagation of the delamination cracking loads were affected by the radial stress concentration and 

specimen size factor. Delamination cracks for all specimens were initiated at compressive stresses which 

were lower than the allowable stress limit for a service load conditions specified in ASME BPVC Section 

III, Division 2. 

 

INTRODUCTION 

 

The requirement for the radial tension reinforcement in double curvature wall-type elements was 

adopted in ASME BPVC Section III, Division 2 after concrete containment dome delamination incidents 

occurred in the 1970s (e.g., Turkey Point Unit-3 and Crystal River Unit-3). Radial tensile reinforcement for 

single curvature sections was not generally provided unless excessive radial tensile stresses were anticipated 

as a result of boundary conditions (e.g., at containment wall and foundation connection regions). This 

approach seemed reasonable because the calculated radial tensile stresses owing to the prestressing forces 

are generally lower than the design tensile strength of concrete. However, in 2007, the wall delamination 

incident at Crystal River Unit-3 led to renewed interest in the research area of the radial stress development 

in the single curvature sections. Based on a thorough inspection of the delamination failure at Crystal River 

Unit-3, low quality concrete and excessive radial tensile stresses owing to improper de-tensioning 

sequencing were identified as the primary causes of the wall delamination.  

Few analytical research studies have been conducted for the purpose of investigating the radial 

tensile stresses in single curvature sections. Acharya and Menon (2003) introduced theoretical models for 

radial stress distribution and stress concentration effects in single and double curvature sections of nuclear 

containment structures. Wang and Munshi (2013) suggested a design consideration for radial reinforcement 

to prevent the propagation of delamination failures, based on the results obtained from finite element 

analyses in which the effects of the sequential prestressing operations were taken into account. Bae (2013) 
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attributed the wall delamination that occurred in Crystal River Unit-3 to the result of increased radial tensile 

stresses induced by unbalanced moments resulting from the de-tensioning sequence used during the steam 

generator replacement operation. As a result of thorough inspection and analytical efforts, the requirement 

of the radial tensile reinforcement in single curvature section of nuclear containment building was adopted 

in ASME BPVC Section III, Division 2 in 2013. 

Nonetheless, the underlying mechanical behavior of the delamination owing to the prestressing 

forces is still not clear, in part, due to a lack of relevant experimental data. The main purpose of this research 

program was to experimentally induce delamination failures and to investigate the underlying mechanics 

on the delamination behavior of prestressed cylindrical concrete structures. In this paper, an experimental 

program on the curved post-tensioned concrete structures under prestressing load is presented.  

 

THEORETICAL BACKGROUND 

 

Radial Tensile Stress 

 

Tendon deviation within a post-tensioned structure induces radial stresses at the surrounding 

concrete under the prestressing forces. Cylindrical post-tensioned containment structures that are subjected 

to hoop compression also experience radial stress distributions due to their curved geometries. As shown 

in the free body diagram of the curved wall segment presented in Figure 1, the outer layers of the concrete 

wall experience radial tensile stresses while the inner layers of concrete are subjected to radial compressive 

stresses. The maximum radial tensile stress developed at the location of the prestressing tendon is the 

primary contributor of the delamination in containment structure. This radial tensile stress can be estimated 

using Equation 1 (Choi et al., 2017): 

 

 
Figure 1. Radial stress distribution developed in a curved post-tensioned wall segment 

 

 𝜎𝑟𝑡 =
𝑡𝑜
𝑡𝑡
⋅
𝐹𝛼
𝑅
⋅

1
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where, 𝜎𝑟𝑡 = radial tensile stress 

𝑡𝑜 = outer layer thickness of concrete wall  

𝑡𝑡 = total thickness of concrete wall 

𝐹𝛼 = applied prestressing force at 𝛼 (rad) considering friction loss 

𝑅 = radius of tendon 

𝐷𝑑𝑢𝑐𝑡 = diameter of duct 

 

 

To estimate the radial tensile stresses that may develop in a specific location of curved post-

tensioned concrete structures, friction losses should be taken into account. Based on ACI 343R, the 

prestressing force applied at an angle of 𝛼, 𝐹𝛼, which accounts for friction losses, can be estimated on the 

basis of Equation 2.  

𝑅
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 𝐹𝛼 = 𝐹 ⋅ 𝑒
−(𝜇𝛼+𝜅𝑥) (2) 

   

where, 𝐹  = applied prestressing force 

𝜇 = friction coefficient 

𝛼 = angle of tendon 

𝜅 = wobble coefficient 

𝑥 = length of tendon 

 

 

Aggregate Size Effect 

 

Aggregates comprise more than 70 % of concrete volume, therefore the characteristics of aggregate 

largely affect the properties of concrete. The maximum aggregate size is one of the most influential factors 

that affects the mechanical properties of concrete. It is typically known that the usage of the larger maximum 

aggregate size with the well-graded aggregate decreases the water requirements of normal-strength concrete 

mixtures (Metha and Monteiro, 2013). Consequently, the required cement contents to produce the same 

compressive strength concrete can be reduced. It should be noted that only compressive strength of concrete 

is only considered in concrete mixture proportioning and, as a result, concrete tensile strength can vary 

depending on the aggregate sizing and hardened cement paste properties. Thus, delamination cracking and 

failures could also be influenced by the maximum aggregate size since delamination phenomenon is highly 

related to the tensile strength of concrete (Choi et al., 2017). 

 

EXPERIMENTAL PROGRAM 

 

Quarter-cylinder wall specimens were examined in the experimental program. To represent the 

behavior of post-tensioned containment structures with 90° specimens, post-tensioning ducts were 

positioned such that the tendons were aligned with the through-thickness mid-depth locations of the walls. 

Primary test program variables included specimen size/scale and the maximum nominal aggregate size.  

 

Preliminary Analysis 

 

Preliminary numerical analyses were performed to verify the feasibility of the structural testing 

plan using the 2D nonlinear finite element analysis program VecTor2 (Wong et al., 2013). Concrete was 

modelled using quadrilateral plane stress elements and circumferential reinforcing bars and tendons were 

modelled discretely using truss bar finite elements. Tendons were connected to concrete elements by way 

of link finite elements employing frictionless bond properties, while deformed steel reinforcing bars were 

assigned perfect bond. The computed behavior of the test specimen is presented in Figure 2.  

 

 
Figure 2. Anticipated behavior of the test specimen; (a) initial stage, (b) prior to delamination, and (c) 

after delamination  

(a) (b) (c)



 
24th Conference on Structural Mechanics in Reactor Technology 

BEXCO, Busan, Korea - August 20-25, 2017 

Division VI 

As shown in Figure 2 (b), the curved wall specimen is estimated to deform in a uniform manner 

(i.e., on a path along the red line shown) before the onset of the delamination cracks; indicating that the 

specimen was not expected to experience any form global out-of-plane bending prior to delamination. Once 

the radial tensile stress exceeded the tensile capacity of concrete, the formation of delamination cracks was 

estimated to occur. Consequently, the curved wall was estimated to experience bending that influenced the 

curvature of the specimen, as shown in Figure 2 (c). It should be noted that the preliminary 2D analyses 

performed are only capable of detecting average/full-depth cracking and, as such, local stress concentrations 

and crack propagation over the height of the wall cannot be identified from these results. 

 

Specimen Design 

 

Due to the quarter-cylinder geometry, test specimens could potentially develop unwanted/ 

unrealistic failure modes under prestressing loads. Therefore, design strategies were considered depending 

on the possible failure modes to ensure delamination would govern structural failure. The Possible failure 

modes identified and the strategic design methods employed are summarized in Figure 3 and Table 1.  

 
Figure 3. Possible failure modes of a curved post-tensioned concrete structure 

 

Table 1: Possible failure modes and strategic design methods to induce delamination (Choi et al., 2017) 

Possible failure Condition Strategy 

Delamination Allowed No radial reinforcement 

Anchorage Not allowed STM design 

Shear – Local Not allowed Even spaced ducts; allowable stress design 

Shear – Global Unlikely None 

Bending – Local Not allowed Even spaced ducts; allowable stress design 

Bending – Global Not allowed Duct offset 

Concrete crushing Not allowed Strand rupture before concrete crushing 

Buckling Unlikely None 
 

The live-end and dead-end anchor blocks were designed using the strut-and-tie method (STM) in 

accordance with ACI 318. The rupture strength of strands was used for the STM design forces applied on 

the bearing location of anchor blocks. Crack control reinforcement (𝜌𝑐𝑟 = 0.30 %) was also provided in all 

directions of the anchor blocks. Wall sections were designed based on the allowable stress design method 

complying with the design requirement under a service load condition of ASME BPVC Section III, Division 

2. No excessive global bending and shear were expected, hence, minimum required reinforcement level 

(i.e., 0.20 % for each surface) was provided as circumferential reinforcement. In an effort to investigate the 

Delamination

Anchorage

Shear – global

Bending – Global

Concrete crushing

Bucking

Shear – local 

Bending – local
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concrete contribution under the effect of radial tensile stresses, radial reinforcement was eliminated from 

the design of all specimens. The overall dimension and reinforcement ratios of three test specimens are 

presented in Table 2.  

To minimize global bending owing to eccentrically located strands, the locations of ducts were 

shifted slightly toward the outer surfaces of the test specimens in an effort to maintain mid-depth placement 

of the strands. The ducts were shifted by 0.25 in. for Specimen 1, and 0.75 in. for Specimens 2 and 3. The 

validity of this strategy and the global behavior of the test specimens were verified and are presented 

elsewhere (Woods, 2017).  

 

Table 2: Dimensions of specimens 

Layout of specimen Dimension Unit Specimen1 Specimen 2 and 3 

 

Radius (R) ft 7 14 

Height (H) ft 3 6 

Width (W) in. 6 12 

Duct Diameter (Dduct) in. 2 4 

𝜌𝑣
* % 0.50 0.28 

𝜌𝑐
** % 0.40 0.40 

  * Vertical reinforcement ratio on each surface of the wall 

** Circumferential reinforcement ratio on each surface of the wall 

 

As shown in Table 1, all dimensions of Specimen 2 and Specimen 3 were doubled from that of 

Specimen 1 to investigate the size effect. To investigate the potential influence of the maximum aggregate 

size on delamination failure, the maximum aggregate size of 3/8 in. was used for Specimens 1 and 2, and 

1 in. aggregate was used for Specimen 3. 

 

Material Properties 

 

The cylindrical compressive strength, elastic modulus, Poisson’s ratio, split tensile strength, 

modulus of rupture, and direct tensile strength were measured to characterize the concrete mechanical 

properties at the time of structural testing. Selected measured concrete mechanical properties are 

summarized in Table 3. The material tests were performed in accordance with ASTM standards, with the 

exception of the direct tensile strength tests. A summary of the test specimens and the testing procedure 

used to perform the direct tension tests is presented elsewhere (Choi et al., 2017). 

 

Table 3: Material properties for each specimen at structural test 

 Unit Specimen 1 Specimen 2 Specimen 3 

Compressive Strength, 𝑓𝑐
′ ksi 3.01 6.80 5.56 

Elastic Modulus, 𝐸𝑐 ksi 3580 4910 5480 

Poisson’s Ratio, 𝜈 - 0.18 0.20 0.22 

Direct Tensile Strength, 𝑓𝑡
′ ksi 0.230 0.441 0.364 

 

Instrumentation 

 

All instrumentation used to monitor the delamination behavior was installed at angles of 15°, 45°, 
and 75° measured from the intersection between live-end anchor block and the curved wall. The 

delamination expansions, defined as wall thickness expansions between each surface of the wall, were 

Duct

W

H
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measured directly through thin plastic tubes embedded within the curved concrete wall. To measure strain 

profiles and stress concentrations, embedded concrete strain gages were installed in the out-of-plane 

direction. Vertical reinforcement strain gages were also installed at the locations where maximum sectional 

moments were expected. Prestressing loads were measured using load cells installed at both ends of 

specimens and the measured loads were used to estimate the effective prestressing forces acting at specific 

locations along the lengths of the walls. A summary of the instrumentation provided is presented in 

Figure 4.  

 

 
Figure 4. Instrumentation summary 

 

Test Setup and Loading Protocol 

 

An overview of the test setup for the small- and large-scale specimens is presented in Figure 5. 

Note that the live-end anchor block was tied down to the laboratory floor and the dead-end anchor block 

was free to move. To minimize friction between the wall test specimens and the testing platform, two layers 

of Teflon sheets were placed beneath the wall and the dead-end anchor block.  

 

 
Figure 5. Schematic size comparison between small and large specimens 

 

Specimen 1 had four center hole rams and four center hole load cells at the live-end anchor block 

and four center hole load cells at the dead-end anchor block. The tendon groups comprising both specimens 

were stressed at the same rate of load using a hydraulic manifold system. A 10-in. thick steel plate with 

machined holes provided at the duct locations was used as a stressing plate for Specimen 2 and 3. Four 

800 kip rams were placed between the live-end anchor block and the stressing plate, and were used to push 
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the stressing plate away from the live-end anchor block. Specimen 1 was loaded in 50 kip increments up to 

a load level of 350 kips. After reaching 350 kips load stage, the specimen was loaded to delamination failure 

without a stoppage. Specimen 2 and Specimen 3 were tested in a similar manner to Specimen 1. The 

specimens were loaded in 100 kip increments up to a load level of 1,000 kips. From 1,000 kips to 2,000 

kips, the load was increased in 200 kip increments. After surpassing 2,000 kips, the specimen was loaded 

to delamination failure.  

 

TEST RESULTS AND DISCUSSIONS 

 

Visual Observation 

 

The delamination failures of the walls occurred without visual warning and were highly explosive 

in nature. Close inspection of the delaminated specimens revealed that the delamination failure of all 

specimens initiated approximately at the 15° location of the wall section and then subsequently propagated 

along the length of the curved wall specimens (refer to Figure 6). Also, as expected, the delamination cracks 

propagated along the layer of the ducts layer (refer to Figure 7). 

 

 
Figure 6. Delamination failure as seen from above; (a) Specimen 1, (b) Specimen 2, and (c) Specimen 3 

 

 
Figure 7. Cross section examination of delamination failure; (a) Specimen 1, (b) Specimen 2, and (c) 

Specimen 3 

 

Failure Load 

 

To compare the delamination failure loads of the three specimens, failure loads were normalized in 

terms of their respective tensile concrete strengths. The direct tensile strength was used as the reference 

tensile capacity of each specimen because of the tension-controlled delamination failure mechanism. Using 

(a) (b) (c)
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OUT IN

(c)

OUT IN



 
24th Conference on Structural Mechanics in Reactor Technology 

BEXCO, Busan, Korea - August 20-25, 2017 

Division VI 

the direct tensile test results of each specimen to evaluate the failure load, Specimen 1 and Specimen 3 

failed at approximately 69 and 65 % of their tensile strengths, respectively, while Specimen 2 failed at 

approximately 55 % of its tensile strength. Specimen size factor which was defined as the relative size to 

the aggregate size (Bažant, 1984) was employed to account for different sized aggregates. As shown in 

Figure 8, Specimen 1 and Specimen 3 have similar specimen size factors while Specimen 2 has a specimen 

size factor that is more than twice that of Specimens 1 and 3.  

 

 Specimen size parameter =
𝑠

𝑎
 (3) 

   

where, 𝑠 = relative scale with respect to Specimen 1  

      (example: wall thickness, wall height, etc.) 

𝑎 = maximum aggregate size  

 

  

 
Figure 8. Comparison of normalized delamination failure loads 

 

Delamination Cracking 

 

The initiation of delamination cracking could be a significant indicator of an ensuing delamination 

failure. Direct and indirect measurements were used to identify delamination cracking as these cracks could 

not be observed from the surface of the test specimens. Figure 9 shows the normalized radial tensile stress-

radial expansion responses at the 15° location of the walls. Radial tensile stresses were normalized based 

on the direct tensile strength of concrete. In all specimens, radial expansions were not initially apparent. 

However, at different load levels for each specimen, obvious increases of the radial expansions were 

measured the delamination gages. It is believed that the onset of the delamination cracking occurred under 

those load levels. Based on this assumption, first delamination cracking of Specimen 1 and Specimen 3 

were initiated at a load level of approximately 11~12 % of the tensile strength of concrete while the 

delamination of Specimen 2 was initiated at approximately 28 % of the tensile strength of concrete (refer 

to Figure 9). This hypothesis is further supported by the vertical reinforcement strain measurements. 

Vertical reinforcement was designed and provided to minimize horizontal cracking of the curved 

wall specimens. On the basis of the vertical reinforcement design method, maximum moments were 

expected to be developed at the elevation of each duct. Therefore, the radial stress-vertical reinforcement 

strain response at the elevation of each duct could also be used to indirectly estimate the onset of cracking 

within the wall specimens. Vertical reinforcement strains were expected to show near-linear trends unless 

delamination cracks propagated through the depth of the specimen. In Figure 10, the normalized tensile 

stress-vertical reinforcement strain responses initially showed near-linear trends; however, the slopes 

changed gradually after surpassing the load levels corresponding to first delamination, which were indicated 

from the radial expansion measurements. No visible cracks on the surface of the specimens were found 
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during the visual inspection of the wall surface over the course of testing. It is believed that the gradual 

slope changes after the specific loads were due to the delamination crack initiation and propagation in the 

vicinity of the duct.  

It should be noted that the delamination cracks were shown to initiate earlier for the specimens with 

the smaller specimen size factor, as shown in Figure 9. This is likely due to the fact that the relatively large 

aggregate size with respect to the specimen dimension hindered the propagation of the delamination crack 

by way of crack bridging effects (Bažant and Oh, 1983; Tasdemir et al., 1996; Kozul and Darwin, 1997). 

The vertical reinforcement strains after the delamination cracking showed more rapid slope changes for 

Specimen 2 as shown in Figure 10 (b) while the slope changes of Specimen 1 and Specimen 3 were minor 

after the onset of delamination cracking as shown in Figure 10 (a) and (c). It is suspected that the flexural 

deformation of the inner concrete layer after the delamination crack initiation were restricted by the 

relatively larger aggregate particles with respect to the specimen size.  

The onset of delamination cracking was also evaluated with respect to the compressive strength of 

concrete. In this case, the delamination cracks were found to be initiated at load levels corresponding to 

9 ~ 24 % of the compressive strength of concrete, which is noteworthy because it is significantly lower than 

the allowable compressive stress limit of 0.35𝑓𝑐
′ considered as the service level loading condition for the 

loading case of primary membrane without bending in ASME BPVC Section III, Division 2 (Choi et al., 

2017). 

 

           
                                (a)                                                   (b)                                                   (c) 

Figure 9. Delamination expansion at 15°; (a) Specimen 1, (b) Specimen 2, and (c) Specimen 3 

 

           
                              (a)                                                    (b)                                                    (c)  

Figure 10. Vertical reinforcement strains at 15°; (a) Specimen 1, (b) Specimen 2, and (c) Specimen 3 

 

SUMMARY AND CONCLUSIONS 

 

The performance and results obtained from an experimental program focused on investigating the 

delamination cracking behavior of nuclear containment structures are presented. From the findings 

obtained, several observations can be made: 
 

- The delamination failure load decreased as the specimen size factor increased. However, the 

delamination cracks initiated earlier for the specimens with a smaller specimen size factor. 
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- The initiation of the delamination cracking could be identified from the normalized radial tensile 

stress-delamination expansion responses and the vertical reinforcement strain responses.  

- The use of smaller maximum aggregates in concrete could potentially increase the load of first 

delamination cracking. However, in contrast, larger maximum aggregates may be more effective 

in delaying crack propagation. 

- The mechanism of delamination is closely related to the direct tensile strength of concrete. Thus, 

indirect concrete tensile strength measurements (i.e., split cylinder or rupture modulus) that are 

often used to evaluate tensile capacity may lead to poor correlation with delamination capacity.  

 

ACKNOWLEDGEMENTS 

 

The authors acknowledge material donations from STRUCTURAL TECHNOLOGIES and Wire 

Mesh Corporation. The authors would like to thank the support staffs at the Ferguson Structural Engineering 

Laboratory at The University of Texas at Austin for their assistance during the construction and testing. 

The authors also thank Dean J. Deschenes for his valuable advice on the design and testing of the specimens. 

 

REFERENCES 

 

[1] Acharya, S, and Menon, D. (2003). “Prediction of Radial Stresses due to Prestressing in PSC Shells,” 

Nuclear Engineering and Design, Vol. 225, No. 1, pp. 109-125. 

[2] ACI-ASCE Committee 343 (1995). "Analysis and Design of Reinforced Concrete Bridge Structures 

(ACI 343R-95)," American Concrete Institute, Farmington Hills, MI, 158 pp. 

[3] ACI-ASME Joint Committee 359 (2015). “Code for Concrete Containments (ASME Boiler and 

Pressure Vessel Code Sec. III, Div. 2),” American Society of Mechanical Engineers, New York, NY, 

236 pp. 

[4] ACI Committee 318 (2014). "Building Code Requirements for Structural Concrete (ACI 318-14) and 

Commentary," American Concrete Institute, Farmington Hills, MI, 520 pp. 

[5] Bae, S. (2013). “Radial Tension Induced by Prestressing Forces and Moments.” 22th International 

Conference on Structural Mechanics in Reactor Technology (SMiRT-22), San Francisco. 

[6] Bažant, Z. P. (1984). “Size effect in blunt fracture: concrete, rock, metal,” ASCE Journal of Engineering 

Mechanics, Vol. 110, No. 4, pp. 518-535. 

[7] Bažant, Z. P. and Oh, B. H. (1983). “Crack band theory for fracture of concrete,” Materials and 

Structures, Vol. 16, No. 3, pp. 155-177. 

[8] Choi, J., Woods, C. R., Hrynyk, T. D., and Bayrak, O. (2017). “The Behavior of Curved Post-Tensioned 

Concrete Structures without Through-Thickness Reinforcement,” ACI Structural Journal, Accepted. 

[9] Hannant, D. J., Buckley, K, J., and Croft, J. (1973). “The Effect of Aggregate Size on the Use of the 

Cylinder Splitting Test as a Measure of tensile Strength,” Material and Construction, Vol. 6, No. 31, 

pp. 15-21. 

[10] Kozul, R. and Darwin, D. (1997). “Effects of aggregate type, size, and content on concrete strength 

and fracture energy,” Technical report, University of Kansas Center for Research, 85pp. 

[11] Mehta, P. K. and Monteiro, P. J. M. (2013). "Concrete: Microstructure, Properties, and Materials," 4th 

edition, New York: McGraw-Hill, 659pp. 

[12] Tasdemir, C., Tasdemir, M. A., Lydon, F. D., and Barr, B. I. G. (1996). “Effect of silica fume and agg-

regate size on the brittleness of concrete,” Cement and Concrete Research, Vol. 26., No. 1, pp. 63-68. 

[13] Wang, S., and Munshi, J. A. (2013). “Design of Radial Reinforcement for Prestressed Concrete 

Containments.” Nuclear Engineering and Design, Vol. 255, pp. 153–61. 

[14] Wong, P. S., Trommels, H., and Vecchio, F. J. (2012). “VecTor2 and Formworks User’s Manual,” 2nd 

edition, Technical Report, Department of Civil Engineering, University of Toronto, 318 pp. 

[15] Woods, C. R. (2016). “Experimental Investigation of the Delamination Behavior of Curved Post-

Tensioned Concrete Structures without Through-Thickness Reinforcement,” Master’s Thesis, The 

University of Texas at Austin, Texas, United States, 135 pp. 


