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ABSTRACT 

 

Steel Concrete Composite Wall (SC

(NPP), is introduced. A review on the NPP application of SC

for SC Wall design are largely based on the provisions given in ACI 318 & 349 codes. The formula/ 

equations for shear design-evaluations be

However, for Beyond Design Basis (BDB) 

method or elastic-plastic method with the consideration of cracked sections in some critical

yielding of face plate.  To control the degre

concrete deformation, the BDB load effects shall be analyzed and limited in a range that as an overall will 

not jeopardize the safety function required. Therefore, plate buckling and bulging check is required. 

Considering this situation, this paper provide recommendations for constitutive relation to reveal the 

actual strain-stress conditions and composite states, and further provide cri

and evaluations under such a circumstance. Results of researches and practice reveal that with proper 

design and construction, it is safe and feasible to apply SC

engineering. Moreover, in this paper, the 

countries are compared and discussed.

 

THE APPLICATION OF SC WALL SHIELD BUILDING TO AP/CAP REACTORS

 

The Uniqueness of SC Wall Shield Building 

Nuclear Power Plant (NPP) containment 

and shielding etc., reinforced concrete (

main type of structural component widely used in the 

containment type, was just introduced as a new design and construction 

substitute the RC wall in some GEN III NPP design

established for such plant, and reduces

structure, SC-Wall is comprised of two face

and hardened to become a “sandwich

sides of face-plates to ensure sectional composite connectivity; tie

support face plates as formwork during construction phase, and then use as radial shear reinforcement 

afterward. Figure 1 showed some detail

 

The Advantages of SC Wall Shield Building

The advantages of using SC-Wall come from the fact that the construction is simplified, faster and can be 

executed in a way of modularization. Thi
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eel Concrete Composite Wall (SC-Wall), as a new lateral force resisting system for nuclear 

ew on the NPP application of SC-Wall is presented.  Current design practices 

for SC Wall design are largely based on the provisions given in ACI 318 & 349 codes. The formula/ 

evaluations between plate-stud and concrete is provided by the relevant codes. 

for Beyond Design Basis (BDB) loading conditions, SC wall primarily follows post

plastic method with the consideration of cracked sections in some critical

yielding of face plate.  To control the degree of buckling and bulging of SC-Wall steel plate and interior 

concrete deformation, the BDB load effects shall be analyzed and limited in a range that as an overall will 

function required. Therefore, plate buckling and bulging check is required. 

Considering this situation, this paper provide recommendations for constitutive relation to reveal the 

stress conditions and composite states, and further provide criteria suitable for section design 

and evaluations under such a circumstance. Results of researches and practice reveal that with proper 

s safe and feasible to apply SC-Wall as a structural member in NPP civil 

ver, in this paper, the relevant research results of SC-Wall in China and from other 

countries are compared and discussed. 

THE APPLICATION OF SC WALL SHIELD BUILDING TO AP/CAP REACTORS

Uniqueness of SC Wall Shield Building  

containment structure, due to its required safety functions such as containing 

, reinforced concrete (RC) shear-wall (with pre-stressing / without pre

main type of structural component widely used in the long way of the past. SC-Wall, 

was just introduced as a new design and construction technique in recent decades

in some GEN III NPP design-construction to satisfy new safety requirements 

nt, and reduces the cost as well. As an advancement of conventional composite 

Wall is comprised of two face-plates on both sides, concrete as infill is poured in between 

sandwich” type component. Studs are designed and pre-fabric

plates to ensure sectional composite connectivity; tie-bars are designed and installed to 

support face plates as formwork during construction phase, and then use as radial shear reinforcement 

showed some details of configuration for this unique technique.   

Advantages of SC Wall Shield Building 

Wall come from the fact that the construction is simplified, faster and can be 

executed in a way of modularization. This greatly save on-site works and total construction time; 
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Figure 1：SC-

 

the way of using workshop manufacturing and installation

structural components. In fact, SC-

considers the aspect of construction, but also reflects the impr

strengths and especially the ductility of such component under the 

missile impacts) loading conditions.

 

The Critical Functions of SC Wall Shield Building 

Shield building as part of the generic containment structural systems is designed 

envelop (barrier) outside containment to resist any potential impacts from the external environment such 

as severe earthquake, tornado / associated mis

effects (e.g. terror crash etc.). Based on the new design requirements, in any of

circumstances and their worst case scenario

robust system to withstand the external impacting loads. 

of shield building in plant’s layout and structural design.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: 3D rendering of shield building
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-Wall “sandwich” configuration and some details 

manufacturing and installation it can also resulting in high quality of 

-Wall was introduced as a new construction technique which not only 

construction, but also reflects the improvement of the properties of SC

ty of such component under the dynamic (earthquake) or impact (jet, 

. These will be further discussed in subsequent sections.

Critical Functions of SC Wall Shield Building  

Shield building as part of the generic containment structural systems is designed to provide a shielding 

) outside containment to resist any potential impacts from the external environment such 

associated missiles, tsunami / high level flooding and adverse human 

Based on the new design requirements, in any of

worst case scenario, shield building shall be designed and performing 

the external impacting loads. Figure 2 and Figure 3 showed some of the details 

s layout and structural design. 

 

rendering of shield building 

 

Figure 3: Section detail of shield building
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THE INTEGRITY AND SERVICEABILITY REQUIREMENTS OF SC WALL SHIELD 

BUILDING 

 

The Basic Integrity Performance of Shield Building under SSE Loading Condition 

 

� The regulatory requirement 

10CFR Part 50 Appendix A: General Design Criteria 2 – Design bases for protection against natural 

phenomena states: “Structures, systems, and components important to safety shall be designed to 

withstand the effects of natural phenomena such as earthquakes, tornadoes, hurricanes, floods, tsunami, 

and seiches without loss of capability to perform their safety functions. Further, the design bases for these 

structures, systems, and components shall reflect: (1) appropriate consideration of the most severe of the 

natural phenomena that have been historically reported for the site and surrounding area, with sufficient 

margin for the limited accuracy, quantity, and period of time in which the historical data have been 

accumulated, (2) appropriate combinations of the effects of normal and accident conditions with the 

effects of the natural phenomena and (3) the importance of the safety functions to be performed”. By 

referencing the phrases in bold we can understand the fundamental requirements that shall be applied to 

shield building design. 

� Load category 

When shield building design directly associated with the safety functions of containment (the pressure 

boundary), it is recommended to follow the requirements given in ASME III DIV.2 (Code for Concrete 

Containments) for its reinforced concrete or pre-stressed concrete design; AISC N690 can be used for any 

safety-related steel structures design which are attached to shield building as structural component / frame. 

Based on these recommendations SSE load fall into the load category of “factored load” in ASME DIV.2, 

which belongs to those loads (severe environmental / extreme environmental) encountered infrequently 

during plant’s service life.  

� Structural performance interpretation of shield building subjected to SSE load 

(1) Global performance 

The global performance primarily refers to the building’s stability and overall deformation (deflection) 

when subjected to SSE load; since the stability and deflection directly related to the functionality of 

passive cooling tank (PCT) which is on the top of shield building. Any structural unstable and over-

stressed deformation could result in compromise of passive cooling process when it is needed.  

(2) Local performance (sectional performance) 

Local performance refers to the sectional performance when subjected to SSE load. The building sections 

globally still keep plain-strain distribution; but since stress level (such as concrete) exceeds elastic limit, 

the plain distribution assumption cannot apply to section stress under such a severe / extreme loading 

condition. As an overall, the SC-Wall’s strain-stress condition exceeds elastic range, and enters a stage of 

Elasto-plastic (which in reality is close or might exceed the yield point of materials). In the end of this 

stage, composite SC section oftentimes exhibits pretty much change/transition from fully composite to 

partially composite due to the accumulation of above Elasto-plastic deformation. Further, member design 

capacities are reduced because of the decreasing of composite action. Figure 4 and Figure 5 showed some 

of the mechanisms described here for local performance. 

 

                 
Figure 4: Interfacial shear force –slip curve        Figure 5: Shear stud stress-strain curve 



 

25
th

 Conference on Structural Mechanics in Reactor Technology 

Charlotte, NC, USA, August 4-9, 2019 

Division VII 

 

The Serviceability of Shield Building Passive Safety Boundary 
 

In AP and CAP plant design specification, the steel containment vessel (SCV) is the ultimate pressure 

boundary which is designed to contain all radioactive fission products and heat released during any design 

basis accident. Because radioactive matters gases are always accompanied with heat and associated 

pressure, SCV is designed to be a robust physical barrier which can withstand high pressure and 

associated heat accumulated on its shell. To reject the accumulated heat to external environment, shield 

building internal surface is purposely designed to act as counter part of the coupled transferring medium, 

so the SCV external surface, shield building internal surface, and PCS tank together comprise the basic 

elements for a natural cooling system (mechanism); gravitational force and water evaporation 

phenomenon are the natural driven force to make this mechanism workable. Figure 6 and Figure 7 

showed the details of such a natural cooling process, and it is named as passive cooling system (PCS) 

solely designed for AP and CAP reactors.  
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The Requirements for Fulfilling Integrity and Serviceability 

 

Based on the previous description, shield building as the last external physical shield to reactor vessel 

shall be designed as robust enveloping structures, so structurally speaking it is safety-related seismic 

category I structure. To fulfil the requirements set forth for integrity and serviceability, following 

principles and criteria are recommended:  

� The Basic Principle 

Rooted from the basic principles of civilian power reactor design, shield building as the outer shell of 

containment is designed following safety-related seismic category I structural requirement to achieve the 

same level of safety with the inner containment.  

� The Basic Design Criteria 

(1) In the case of severe accident (e.g. SSE+LOCA), shield building is functioning as part of ultimate 

heat sink (UHS) by the way of forming a reliable passive cooling system (PCS) with inner SCV for 

accident heat mitigation and rejection. 

(2) Shield building SC-Wall inner surface (the PCS structural component) shall be designed to withstand 

all SSE loadings without any compromises on integrity (the strength) and the serviceability (without 

buckling / bulging and excessive deformation). 

 
 

Figure 6: A postulated accident condition 

 

 

Figure 7: External & internal convections and heat 

transferring and dissipation 
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(3) Be performing as shield structure to resist any potential impacts from outer environment, such as 

missiles, flooding, wind and weathering etc. 

 

� The Potential Predicted Failure Modes of Shield Building under SSE 

(1) Global failures – The failures will be global in scale, such as the failure of SC-Wall transitional 

sections (RC to SC section, the large openings etc.). 

(2) Local failures - local failures will be the partial sectional failure and material level failure, such as 

limited local buckling or yielding of SC-Wall steel plate. 

By following the principle and design criteria given previously in this section, the SC-Wall SSE integrity 

and serviceability performance can be achieved; the above potential failures modes could be prevented or 

suppressed. 

 

THE ANALYSIS OF SC-WALL INTEGRITY AND SERVICEABILITY REGARDING SAFE-

SHUTDOWN-EARTHQUAKE (SSE) SCENARIO 

 

SC Wall Global Structural Characteristics 

Just as stated in above sections, SC-Wall shield building is designed as the essential part of the ultimate 

cooling measure called passive cooling system from the safety function point view of AP and CAP plant. 

To facilitate this process, shield building is designed as a partially opened structure at the top of this 

building, which is for the purpose of evaporation (see Figure 6 and 7); while other parts of this building 

are continuous cylindrical SC-Wall section which is designed to shield all anticipated external impacts, 

such as tornado / tornado missiles, aircraft crash and severe weathering phenomenon etc. To assure the 

required performance and structural behaviour of such type of wall, a typical steel-concrete composite 

shear wall structure is designed to achieve a ductile working mechanism.  

 

Following is a general review of shield building structural characteristics: 

� The steel-concrete composite section and composite action 

The composite action (composite-work mechanism) of steel-plate and concrete is through the use of 

embedded studs, which are designed in an appropriate pattern to secure the connections between 

concrete and surface steel-plates.  The behaviour of studs (primarily shear behaviour) determines the 

composite state and its functions for serving as an integrated one-piece (or monolithic) section.   

 

� Seismic in plane behaviour of SC-Wall 

Based on rigorous section strain-stress analysis: (1) after elastic (linear) working condition (working 

stress design), further increasing of seismic load will bring structure entering a stage of yielding with 

much nonlinear deformation developed in order to absorb strain energy. With the further increasing 

of the load, theoretically the structure will enter the final stage where concrete crash start to appear, 

steel-plate developed much more plastic deformation; and the load will reach maximum permissible 

design value which is defined as SSE load for seismic case. SSE load is defined as the “seismic 

design basis condition” here in the plant’s design basis documents. In practices, design SSE is set 

up to assure the structure / or structural component, when subjected to SSE load, shall behave with 

adequate strength so that structure integrity remains credible, and the safety functions of shield 

building are effectively protected as well.  

 

� Seismic shear 

Among the key considerations of shield building SC-Wall seismic design, the seismic shear 

characterization and evaluation are critical because its complexity, and lacking of specific code guidance.  

To assure the design adequacy and prevent shear failure, the design philosophy of SB cylindrical wall is 

established in a way that “shield building should survive severe earthquake (i.e. SSE) without collapse 

and therefore, any brittle failure modes, such as shear or torsion should be avoided or suppressed”.   
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Since many testing data showed that concrete member without stirrups failed in a brittle manner (shear 

failure), the industry experts believe that SC wall without stirrups/ties will fail in a similar pattern when 

subjected to severe lateral loading conditions (such as SSE or beyond design-basis earthquake). To 

prevent this type of failure, reinforcing cross ties are added between steel-plates to make the SC wall 

work as possible as a monolithic unit, especially during earthquake event. 

 

The Design of SC-Wall Section – Integrity Consideration 1 

Current design practices for SC-Wall design basis design are largely based on either the provisions 

originally given in ACI 318 & 349 codes, among which SC-Wall is either considered as an equivalent RC 

member, or considered as actual steel-concrete composite component by following AISC N690 App.N9. 

But in either way the basic principles and assumptions are commonly defined as follows: 

 

� Normal working condition 

In normal working condition, the section globally acts as a one-piece (monolithic) material; both stress 

and strain hold the form of plain distribution. Normal working condition practically is related to service 

level A/B or OBE load. As an overall the SC wall is in elastic stage (stress level is within the elastic limit 

of materials). Figure 8 showed the section strain-stress distribution under the normal working loadings. 

 

 

 

 

 

 

 

 

 

 

 

� Ultimate working condition 

In ultimate working condition, the section globally still keeps a plain strain distribution, but since stress 

level (such as concrete) exceeds elastic limit, the plain distribution does not apply to section stress. 

Ultimate working condition practically is related to SSE load.  As an overall the SC-Wall exceeds elastic 

range, and enters a stage of the Elasto-plastic, which is close or might exceed the yield point of materials. 

In the end of this stage, composite section oftentimes exhibits pretty much change/transition from fully 

composite to partially composite due to the Elasto-plastic deformation. The member design capacities are 

reduced because of the decreasing of composite action. So the level of composite action shall be 

determined in ultimate working stage (refer to next section for detail). Figure 9 below showed some of the 

design mechanisms used in N690 App.N9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8: Section strain-stress distribution for normal working condition 

 

 
 

Figure 9: Section strain-stress distribution for normal working condition 
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The Evaluation of Composite Action Level - Integrity Consideration 2 
For normal working loads, the steel plate and concrete infill are assumed to be compatible in strains 

within the elastic range of deformation and within the dimension of SC wall thickness, which means as an 

engineering approximation, faceplate and infill concrete are considered in fully composite action during 

normal working condition.   

For ultimate working load (SSE loads), a relatively larger slip occurred between steel-plate and concrete, 

and part of the relative slip will become residual displacement after the releasing of ultimate loading (SSE 

loading) because of the plastic deformation. Thus SSE loading design should consider the SC-Wall as 

composite member, but with the composite action level less than normal working condition case (for 

instance, consider using the appropriate level which is assumed from 85% to less than 100%). Figure 4-5 

and following Figure 10 gave some of the detailed descriptions on how relative slips occur and the ways it 

impacts the composite action level of SC-Wall. 

 

 

 

 

 

 

 

 

 

 

The Evaluation of SC-Wall Inner Steel Plate Stability (Serviceability) 
 

� Stability under normal working condition 

Just as showed in Figure 8, SC-Wall section exhibits primarily a linear behaviour under normal working 

load condition. The sectional strain / stress distribution are linear and within the elastic limits. Even 

though the stress distribution tend to become somehow nonlinear when load approaching the elastic load 

limit, the sectional strain always keep linearly. Since the composite section also works as a monolithic 

section under normal working load, the load transferring and distribution are well balanced between 

concrete and steel-plate (studs fully performed as the connector to assure 100% composite). Thus there 

will be no stability problem, such as buckling, occurring in this condition. 

 

� Stability subjected to SSE loading condition (ultimate loading condition) 

Similarly just as showed in Figure 9, SC-Wall section exhibits a nonlinear behaviour under SSE load 

condition. The sectional strain distribution is still largely in linear, but stress distribution is nonlinear 

because of the cracking of concrete. Concrete reaches its ultimate state for SSE design with the maximum 

strain value close to 0.003 (which is the maximum permissible strain value for concrete). Steel-plate will 

develop greater strains than concrete because of the section internal forces redistributions from cracked 

concrete to steel-plate. Since SC-Wall steel-plates are designed to yield prior to any occurrence of 

buckling. So to control the occurrence of buckling of steel-plate, the section stability under SSE loads 

shall be carefully analyzed so as to limit potential buckling in a very low degree that as an overall it will 

not jeopardize the safety function required for the passive cooling circulation process occurring between 

steel containment and SC-Wall. Stability analysis in following section assumed buckling could happen 

due to some potential factors which are from manufacture and construction / installation processes. 

 

� Typical buckling consideration 

 

(1) Potential reasons which lead to SC-Wall section stability failure 

                   
(10-a) Normal working loads                              (10-b) Ultimate working loads 

 

Figure 10: Relative slips corresponding working load conditions 
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The further strain development of steel-plate under SSE loading condition will lead to excessive plastic 

deformation, especially if there is initial curvature (also called bent-plate). This issue mainly come from: 

i) The error of manufacture  

ii) The missing of studs 

iii) The out-of-plate impact to steel-plate due to construction activity 

All these factors combined together can result in steel-plate buckling in some areas. 

 

(2) Typical buckling analysis for SC-Wall section 

i) SC-Wall steel-plate buckling model 

Following Figure 11 (a, b, c) are summary and simplifications of typical SC-Wall section and internal 

steel-plate which can be utilized to check the buckling condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ii) Bent-plate general stability check under design basis SSE loading condition 

 

 
   

 

 
 

 
 

 
 

 

 

 

         
 

                                          

 

 

 

Figure 11(a): Isolated 

section stripe from SC-Wall 

 

Figure 11(b): Idealized bent 

steel-plate on the section stripe 
Figure 11(c): SC-Wall 

coordinates 
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CONCLUSIONS 

(1) SC-Wall shield building as a new evolution of shielding structure from RC is getting popular in NPP 

engineering application. Besides the unique roles in plant’s safety design, its structural configuration, 

manufacture and installation method opened a very effective approach to achieve higher quality, 

modular construction and economy.  

(2) To provide highly reliable safety performance designated for shield building during the kick in of 

passive cooling process, the integrity and serviceability of shield building shall be strictly guaranteed 

by following the correct regulatory requirement and appropriate safety-related nuclear code. 

(3) To conduct detailed design-analysis for integrity, the seismic in-plane and out-of-plane behaviours, 

SC composite section working mechanism under SSE loading condition and corresponding design 

criteria are investigated and summarized. 

(4) Serviceability, also termed as steel-plate stability is carefully investigated through 1 dimensional (1D) 

buckling analysis when a targeted bent steel-plate subjected to worse case SSE loading. It can be 

chosen as a general consideration to satisfy stability design.  
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