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Introduction 

Differential axial deformation will occur in the 3D analysis of any typical building frame. This deformation 

can significantly affect beam bending moments. For the purposes of discussion, the effect is referred to 

as a "Differential Axial Deformation Effect" (DADE). 

During any analysis members subject to compression will shorten. In a concrete frame columns and 

walls under compression will both shorten. Highly stressed members will shorten by greater amounts 

than lower stressed members. Where two adjacent members shorten by a different amount there will 

be an effect (DADE) introduced in any members that attach to both the shortening members. 

Example :  

 

Central column shortening by more than external columns introducing bending effects in connecting 

beams. This effect is known and studied by academia, one reference that provides a good overview is: 

Effects of Axial Shortening of Columns on Design and Construction of Tall Reinforced Concrete Buildings  
By M.T.R. Jayasinghe and W.M.V.P.K. Jayasena  
Available to download from the ASCE Research Library (http://www.ascelibrary.org) 

 

Focusing on DADE, the key points of the discussion in these notes are: 

• Traditional methods of idealising sub‐sections of structures for design purposes inherently 

completely ignore this effect. However, the existing building stock which is largely designed in this 

way appears serviceable, it seems that ignoring DADE has not caused any significant problems. 

• An analysis of a complete 3D model of a structure will inherently introduce this effect. 

• Designers with experience in the traditional method look at the analysis results of a full 3D 

analysis and will quite rightly question the design forces that are displayed. 

• There is a demand to use 3D analysis but at the same time find a way to achieve member design 

forces that are reasonably close to the forces that would always have been used. These notes 

demonstrate methods of achieving this. 

• Checks are required to establish whether the method used has had an impact on sway 

deflections. If it does not, then potentially designers can stop at this point on the basis that the 

traditional design approach has been reasonably emulated. 

• Potentially engineers will also want to consider that DADE should not be completely ignored. 

These notes show how a second analysis run could be made so that the initial design can be 

checked and strengthened, as necessary. In essence this means that the structure ends up being 

designed for a wider envelope of design conditions (forces), clearly this must be a conservative 

approach. 

• Concerns have been expressed that designing for this envelope could be uneconomic. For an 

example model it is shown that the additional reinforcement associated with this conservative 

approach is quite nominal. 

It is important to re‐emphasise that although this discussion is in relation to ProtaStructure, the effect 

under discussion will occur in any analysis software. Equally, most of the suggested strategies for 

dealing with this effect could be applied in other software. 
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Finally, the possibility that staged construction analysis will somehow easily deal with this issue is 

often raised. This point is covered in the closing discussion the key points being that: 

• Staged Construction is not a simple analysis technique. 

• It does not generate results that emulate traditional design (i.e. DADE is not completely 

eliminated) 

• If it is not used with a reasonable degree of care and understanding, then a staged construction 

analysis can be a sophisticated and time consuming way of getting dubious answers. 

Opening Discussion 

In these notes we will establish some traditional sub‐frame results for beams at the 20th floor of a 

building and then look at how closely these results can be emulated using full 3D analysis. Several 

general discussion topics should be borne in mind as the results are compared. 

Traditional practice for the analysis and design of multi‐storey concrete frames has involved a significant 

degree of idealisation of the structure: 

• Lateral load is often assumed to be exclusively resisted by a selected subset of members: 

▪ Special models are constructed to determine the member forces which develop when lateral 
loads are applied. 

▪ It is quite normal to ignore the sway that can be introduced when pure gravity load is applied 
to a non‐symmetrical structure. 

• For the remaining structure only gravity forces are considered: 

▪ Column and beam design is based on "sub‐frame" analysis. 

▪ Typically, sub‐frame support points are assumed to provide rigid vertical support, the possibility 
of elastic deformation of the support is ignored. 

▪ The result is that designs would be the same for the beams on the 20th floor as on the 1st floor. 

We present the results from the traditional analysis as a target "baseline" result. This should not be 

confused with being a "correct" result. A few thoughts on this :  

• If a structure were loaded to full design load at all levels and the actual forces that developed in 

the members were measured what degree of variation with the forces assumed at design stage 

would be found to exist? 

• If two engineers were independently given the same building frame and design brief would they 

both end up designing every element for exactly the same forces? 

Basically, Engineers have traditionally idealised a very complex problem, applied safety factors, and 

established design forces which have been used successfully for many years. This is a good result, but 

should not be regarded as some sort of scientifically accurate result. 

Now there is a trend towards full 3 dimensional modelling and analysis of buildings. Creating a single 

analysis model for an entire building will inevitably have the following effects: 

• Lateral load is shared throughout the structure according to relative stiffness: 
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▪ Where robust core walls and shear walls exist, these provide the vast majority of the resistance 
to these loads. 

▪ The sway that occurs when pure gravity load is applied to any non‐symmetrical structure will 
naturally be introduced. 

• For the structure which predominantly resists gravity forces: 

▪ Elastic shortening of compression members (columns and walls) will occur. 

▪ As a result, the analysis results for beams on the 20th floor will not be the same as those on the 
1st floor. 

It is worth taking note of all the above differences before we focus more specifically on sub‐frame 

modelling and the inclusion/exclusion of DADE. The approach used is aimed at largely eliminating 

DADE, it does not eliminate natural sway effects. It must be acknowledged that sway effects will cause 

some unavoidable differences in the comparisons. 

There is no intention to suggest that the new 3D analysis model now creates scientifically accurate 

results, a great many simplifications, assumptions, etc. remain. The overall objective of the above 

discussion is to encourage consideration of the comparisons in these notes from an engineering 

standpoint. 
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Example 20 Storey Building 

Example Model: 

 

 

Storey Height  

Fdn to G/F 1.5m 

G/F to Roof 3 m per storey 

Wall Thickness (all) 250mm all 

Column Size  

 Fdn to 10/F  500 x 250 mm 

 11/F to Roof 300 x 250 mm 

Beam Size (all)  250 x 500 mm  

Slabs  

Thickness (all)  50 mm 

Service Dead Load 5 kN/mm2 

Live Load  1.5 kN/mm2 

Concrete Grade  C30 

Wind Load Automatically generated using Eurocde (Singapore Annex)  
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Traditional Analysis Results 

As already discussed, a 'traditional' design will historically have been based on the results of a series of 

discrete 2D subframe analyses: 

• Sub‐frame analyses are carried out at each floor from top down (assuming fixed supports) 

• Deflection compatibility between sub‐models is ignored. 

• Column and wall forces are established by summing up the axial loads determined in each of the 

separate analyses. Or, in many cases the axial loads are determined by simply calculating an 

assumed supported floor area at each floor. 

 

Both 2D and 3D subframe models can be created and analysed in Protastructure if required. To 

emulate the result that would be achieved by subframe analyses in both directions the top storey is 

extracted and analysed as a single floor model.  

 

• Sub‐frame analyses are carried out at each floor 

from top down (assuming fixed supports) 

• Deflection compatibility between sub‐models is 

ignored. 

• Column and wall forces are established by 

summing up the axial loads determined in each of 

the separate analyses.  

• Or, in many cases the axial loads are determined 

by simply calculating an assumed supported floor 

area at each floor. 
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The analysis results for major moment (M33) for this 3D subframe, for dead load case is as shown 

below in the “Analytical” view (mid‐pier wall idealisation has been used). 

 

To enable comparisons to be made with other approaches, the bending moment diagram can be 

plotted in detail for the highlighted beams via beam Anaylsis Results Diagram :  

 

We shall consider this our "baseline" answer against which other approaches can be benchmarked. 

Once again it is important to note the comments made in the opening discussion about the assumptions 

inherent in the above result. It is a target baseline, it should not be regarded as some sort of perfectly 

correct result. 

Emulating the Traditional Approach in ProtaStructure 

ProtaStructure has two basic analysis methods: 

• Sub‐Floor Analysis = referred to as FE Chasedown analysis. 

• Building Analysis = Analysis of a full 3D model 

Since ProtaStructure "FE Chasedown" analysis uses a sub‐frame approach, we should expect to find it 

agrees closely with the "baseline" answer.  

ProtaStruture’s 'building analysis' does not utilise sub‐frames, instead it treats the entire structure as a 

single 3D frame in which the columns and walls are only fixed at the foundation level. 

  

Shearwall 

Shearwall 
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Sub‐Floor Analysis (FE Chasedown) 

By choosing the option to perform an 'FE chasedown analysis', a batch process is initiated in which a 

separate analysis of all floors is performed one after the other, starting at the top of the building, and 

continuing to the ground level. For each analysis the calculated reactions from the floor above are 

treated as load input for the current floor. 

When this is run, the bending moment diagram for the comparison frame at the top storey is as 

follows: 

 

This appears to be in very reasonable agreement with the baseline analysis result obtained previously.  

 

Although the results are not exactly identical, the differences are generally small and are likely to be 

down to internal differences in the way FE beam and wall elements are assumed to connect. There is 

however disadvantages & limitation to this approach :  

• Steps & procedure is more onerous & hences takes longer; as analysis has to be done floor by 

floor. 

• FE Analysis only covers gravity load case. Building Analysis must still be done to cater for lateral 

load case. In essence, one must perform & combine the result of 2 analysis method. 

• Automatic beam load pattern (arrangement) is not considered.  

Some engineers may wish to consider using the FE Chasedown results on the basis that it emulates 

traditional or conventional analysis.  

However, other engineers may prefer to know that pattern load has been considered and / or single 

analytical model is used for both gravity & lateral load cases.  

For this reason, we tend to suggest that the area factor adjustment method may be considered 

preferable, which is illustrated in the next section. 

  

Shearwall 

Shearwall 
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Building Analysis, Area factor adjustment methods 

By choosing the option in ProtaStructure to perform a 'building analysis', a single frame model of the 

entire structure is created and analysed for all load cases and combinations.  

Prior to analysis, global stiffness adjustments can be made to member groups used in the analysis 

model, the default settings for these are as shown below: 

 

If the analysis is run using the above default settings, the bending moment diagram for the 

comparison frame at the top storey is as follows: 

 

There appears to be an anomaly, an unexpected sagging moment is occurring at the beam end 

supported by column as circled in red above.  

To gain a better understanding of why this is happening we need to think about the 3D nature of the 

analysis model. To begin with let's display the above diagram in 3D along with the other beams at the 

top floor: 

 

Shearwall 
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There is sagging moment at the beam ends supported by columns. This result appears to disagree with 

our "baseline" answer obtained from the analysis of the top floor as a discrete model as shown 

previously.  

This raises two immediate questions: 

• Why do the two models give such different answers? 

• If we were to accept the results for the baseline model as being our target result, is there any way 

to adjust the building analysis model to bring it back in to line with this target? 

Why do the two models give such different answers? 

To resolve this, we need to compare the two deflection diagrams for dead load case.  

 

3D “Z” Displacement (m) for baseline model 

 

 

3D “Z” Displacement (m) for the top floor of building analysis model 
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The respective 2D displacement can also be shown in the beam Analysis Results Diagram :  

 

2D Absolute Displacement (mm) for baseline model 

 

 

2D Absolute Displacement (mm) for for the top floor of building analysis model 

In the baseline model the vertical deflections at the beam support points have been eliminated. This is 

not the case in the building analysis model ‐ vertical deflections occur at the beam support points. 

Since stresses are greater in the columns, these deflections are greater at column support locations 

than at the wall support locations. The difference in these deflections is most obvious along the line of 

the frame on which the 'anomaly' in the bending moments was detected. The difference tends to 

increase in the upper storeys.  Evidence for this can be seen in the change of shape of the 

displacement & bending moment diagram along the line of the highlighted frame, as shown the 

analytical model below :  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Hogging moment 

at the column 

Sagging moment 

at the column 

Ground to St 10 - BMD 
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column 
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Differential axial deformations account for the different answers obtained from the two 

models. Traditional sub‐frame analysis ignores this effect. Sub‐frame analyses assume there is 

no vertical deflection at supports, whether it is appropriate to ignore this will be discussed 

later in these notes. For the time being we will assume that you want to ignore it, in which 

case we now need to determine if it is possible to eliminate it. 

How do we eliminate this effect if we want to? 

We have already seen that this effect is eliminated in FE chasedown analysis (because it is a 

sub‐frame analysis).  

In order to eliminate DADE from building analysis, we need to reconsider the default stiffness 

settings applied to member groups in the analysis model. 

ST 11 to Roof - BMD ST11 to Roof – Displacement (red line) 

Hogging moment 

at the column 

Sagging moment 
effect increases 
at upper storey 

Hogging moment 
increases at 
upper storey 

Axial shortening 
of column 

Increasing  
shortening of  
upper St 
columns 

Beam behaves 
like cantilever 

Storey 11 

Roof : Storey 20 
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There are probably several strategies of adjusting member properties that could be employed to try 

and reduce / eliminate DADE. 

1. Make column vertical deflections consistent with the wall deflections by increasing the Axial Area 

factor applied to columns. 

2. Eliminate column and wall vertical deflections completely by substantially increasing the area 

factor applied to columns and walls. 

3. Adjust beam stiffnesses so that the differential vertical deflections induce much lower bending 

moments. 

4. etc? 

After various trials it has been found that the first method (column axial area factor adjustment) 

seems effective without adversely introducing unwanted side effects. Therefore, these notes now 

focus on this method. 

Increasing the column area factor 

The objective is to increase the column area factor so that the differential axial deformation between 

columns and walls is reduced towards the point of being eliminated. 

The stiffness table will only be applied for load cases with ‘Used Cracked Sections’ checked in the 

respective Load Case Editor. Alternatively, ensure to tick the option “Use Cracked Sections in All 

Vertical Load Combinations As Well” in the Automatic Load Editor to automatically generate all load 

combinations.  

By examining the “z” (vertical) deflected shape of the frame with the original area factor (AF) of 1.0, it 

is possible to estimate an average area factor which may achieve this. 
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Vertical Deflections, Dead Load for AF = 1.0 

If the model is re‐analysed with the column AF = 3 as calculated above, the revised deflected shape 

indicates a marked reduction in the differential axial shortening. 

 

Vertical Deflections, Dead Load for AF = 3.0 

The above deflection diagram for AF = 3 shows that some differential deformation remains. This is 

explained by the fact the stiffer columns also attract more load (increasing it towards the value that 

the sub‐frame analyses would determine). A second iteration of the AF calculation should reduce it. 

Average AF = 8.2 / 5.5 = 1.49 = 1.5 

Applying a further factor of 1.5 to the existing 3 the new AF = 1.5 x 3 = 4.5 

If the model is analysed with the column AF = 4.5, repeat the above process, it is found that of around 

AF = 5.0 will almost eliminate differential axial shortening.  

 

Vertical Deflections, Dead Load for AF = 5.0 

Results for these analyses can again be compared with the result from the baseline model. 

 

Bending Moment Diagram, Dead Load for AF = 3 

 

Bending Moment Diagram, Dead Load for AF = 5.0 

Average Area Factor = 19 / 6.4 = 2.97 = 3 

Column       Wall     Column 

19mm      6.4mm     19mm 

Shearwall 

Shearwall 

Shearwall 
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Bending Moment Diagram, Dead Load for FE Floor Analysis (baseline) 

Applying a column AF = 3 reduces the effects of differential axial shortening and eliminates the sagging 

at beam end column support.  

Using this higher AF = 5 ensures a conservative design at the column support, as axial shortening is 

almost eliminated. The results compare well with the baseline model.  

Whether the AF should be increased still higher would be a matter of engineering judgement For 

comparison, if AF is increased further to 6, the resulting bending moment & displacement are shown 

below. 

 

BMD & Vertical Deflection, Dead Load for AF = 6.0 

With this higher area factor the hogging moment at the column increases further, however it is reduced 

at the wall supports. It has reversed the differential deformations ‐ the walls are now shortening by 

more than the columns. 

This example model is an extreme example, where the columns are purposely undersized. This is evident 

as many of the column will fail if design is attempted.  If columns are reasonably sized, an AF of 4.0 is 

likely to be extreme for most buildings.  

Inadequate initial member sizing can have significant impact on force distribution around the 

structure. It is important to review the member sizing at an early stage to prevent having to increase 

undersized members later. 

What is a reasonable upper limit for the column area factor adjustment? 

The objective in setting an upper limit is to reduce or largely eliminate the differential axial deformation 

so that the design forces at each floor more closely resemble those obtained from a traditional 

approach. 

Although differential axial shortening is not considered in traditional subframe analysis methods, it will 

still exist to a greater or lesser extent in real buildings. Even considering the staged nature of 

construction there will always be some amount of differential shortening that actually does occur. 

Shearwall 

Shearwall 
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The objective of setting the upper limit is therefore to obtain a realistic set of design forces, without 

necessarily being concerned about eliminating the effects of differential axial shortening. 

Detailed comparisons of the analysis results 

The above approaches demonstrate that DADE can be at largely eliminated from the analysis results in 

attempts to emulate the results achieved by a traditional sub‐frame approach. 

To establish a better understanding of the effects of adjusting the area factor we will now compare 

other aspects of the analysis results in more detail. 

Gravity Loads 

When the area factor is used to counteract axial shortening, it affects the axial force distribution as well 

as the bending moments. This is illustrated in the table below, showing how the dead load results 

change at the base of the frame as the area factor is increased: 

The axial and bending moment results which accrue at the bottom level of the walls and column along 

the frame under consideration can be tabulated as follows. Since the left and right columns are 

symmetrical, only the left hand column is shown : 

 AF 1.0 AF 3.0 AF 4.5 AF 5.0 FE Chasedown 

 Wall Axial (kN) -6897 -6004 -5790 -5719 -6743 

 Column Axial (kN) -1901 -2330 -2444 -2484 -2531 

 Wall major/minor moment (kNm)  0/4 0/3 0/3 0/3 0/1 

 Column major/minor moment (kNm)  -8/2 -10/2 -10/2 -10/2 -13/0 

In this case the FE Chasedown (sub-frame) results represent the result for the baseline model. 

For columns, as the area factor is increased, there is an increase of column axial load, with an AF 5 

comparable with the FE Chasedown:  

• With reference to the displacement diagram, at lower AF, the beams are increasing acting like 

cantilevers in the upper storey, transferring the axial loads of end column into the wall.  

• As AF is increased, this DADE effect is decreased. 

However, for walls, it seems at higher AF, the axial loads are noticeable lower than FE Chasedown :  

• This is due to the effect of natural sway of a full 3D analysis under gravity loads, occurring in the 

perpendicular wall frame; as members are non-symmetrical in the perpendicular direction.  

• The net effect is some of axial loads of the wall is transferred to the 2 walls in the perpendicular 

direction. No wall axial loads are lost; if we add up all the wall axial loads, it remains comparable 

with FE Chasedown.   

• We suggest the connected walls be merged & analysed as single entity in 3D building analysis. 

This will mitigate the seemingly “uneven” distribution of axial loads of connected walls.   
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Lateral Loads 

The deflections at the top of the building under lateral load can also be compared: 

 AF 1.0 AF 3.0 AF 4.5 AF 5.0 FE chasedown 

 Wind X , Dir-x max (mm) 75 66 65 65 N/A 

 Wind X, Resultant max (mm) 107 97 95 95 N/A 

 Wind Y, Dir-y max (mm) 97 90 89 89 N/A 

 Wind Y, Resultant max (mm) 122 113 110 110 N/A 

It can be seen from the above, an increase in the area factor from 1 to the value of 3 or even the extreme 

value of 5 has little impact on the deflections at the top of the building due to lateral load. This is because 

the columns are not significant in resisting sway deflection. If the deflections were changing, then some 

increased caution in the use of the AF would be appropriate. 

The axial and bending forces in the columns and walls at the bottom of the model can also be compared 

for the wind load cases. The effect that increasing the area factor has on these forces due to wind in Y 

(along the frame direction) is illustrated below: 

 AF 1.0 AF 3.0 AF 4.5 AF 5.0 FE chasedown 

 Wall Axial (kN) -2428 -2217 -2175 -2162 N/A 

 Column Axial (kN) -292 -335 -345 -349 N/A 

 Wall moment  (kNm) 7232 6980 6930 6915 N/A 

 Column moment (kNm)  -28 -30 -7 -7 N/A 

Since the introduction of the AF had only a small effect on the deflection (comparing with AF=1.0), it 

has a similarly small impact on the distribution of forces. 

Recommendation 

Based on the above it is recommended that where DADE is of concern and there is a desire to largely 

eliminate it, the strategy adopted for applying an AF adjustment should be: 

1. After an initial analysis using AF = 1, examine the beam bending moments and the vertical 

deflections of columns and walls at the top floor of the structure. Also record sway deflections in 

both directions. 

2. Using the approach demonstrated in this chapter, determine an appropriate AF adjustment to 

apply. 

3. Re-run the analysis and review the revised results at the top floor. If the DADE seems to have been 

largely eliminated continue with design of all column and wall members. 

4. If the deflections are largely unchanged then you might choose to stop at this point, however, the 

discussion below should be considered. 
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5. If the deflections have changed significantly, then it is strongly recommended that a second 

analysis run is made with a lower AF and that the columns and walls (at least) are checked for the 

results of this revised analysis. Within ProtaStructure this is a simple procedure and the 

implications of this are illustrated in the next section. 

Is it acceptable to simply emulate the traditional design result? 

Ignoring differential axial displacements 

If you are happy to work on this basis then all you need to do is adopt one of the methods described 

previously for emulating the traditional design, taking note of the associated pros and cons. 

FE Chasedown Analysis 

There is an automatic batch procedure for achieving this. Despite the name "FE chasedown", the use of 

Finite Elements to model the slab is optional and unless there is a specific reason for doing so it is 

recommended that these are not used. This method will then very closely emulate the traditional 

analysis assumptions of sub‐frame analysis for gravity loads. 

A building analysis is still required to determine results for the lateral load cases (even if lateral load 

does not exist).  

ProtaStructure allows you to automatically merge the results of these two analyses to generate the 

design combinations for all members. 

Cons ‐ No pattern loading , rigid zones option & entire analysis process is longer (both building analysis 

& FE Chase down must be run).  

Building Analysis ‐ Area Factor (AF) method 

Pros ‐  Pattern loading is considered and rigid zones can also be introduced for economy. Analysis is 

simple & fast; as all loadcases are dealt with in a single Building Analysis run.  

Cons ‐ Applying a single area factor globally may not fully remove differential axial deformation at all loc 

Making allowances for differential axial displacements 

Making allowances for differential axial displacements 

The inherent assumption within the traditional sub‐frame approach is that differential axial 

displacement does not take place to a degree that would affect the design results. What a 3D analysis 

demonstrates is that this might not be the case. 

Therefore, having analysed the structure on the basis that differential axial displacements are ignored 

(using one of the methods described above), you have results that can be considered as an upper‐bound 

solution. The next step is therefore to establish a lower‐bound for which each member can then be 

checked. 

In effect this procedure will ensure that all the members are designed for a slightly wider envelope of 

forces between these two limits. Two questions tend to be raised when this approach is discussed. First 

there is the question of what values should be used for the upper and lower limits. Second there is a 
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concern that this could end up being considered as uneconomic by comparison with traditional designs. 

Each of these questions is considered below. 

What is a reasonable lower limit for the area factor adjustment? 

Using a low AF allows the effects of differential axial deformation to be exposed. However, as is 

demonstrated earlier in these notes, an AF=1.0 will sometimes give results that seem completely 

incorrect when compared with expected values based on traditional sub‐frame analysis. 

Clearly AF=1.0 can be used as a conservative lower limit. However, bearing in mind that traditional 

design methods have completely eliminated this effect, it is worth considering whether or not some 

slightly increased value could be easily justified :  

• More detailed consideration of the way in which creep and loading develop over time and 

through the construction phase dictates that some proportion of differential axial deformation 

being predicted is unrealistic. AF=1.0 will overestimate the effect of differential axial 

deformation. 

• Consideration of ACI advice on analysis model properties which allow for the more likely case 

that beams are cracked while columns/walls are not would have the same effect as introducing 

an AF = 1.5. (ACI 318‐08 cl 10.10.4.1 the precise clause number varies in older versions of the 

ACI, but the guidance appears consistent.) 

From investigation of typical models, is is found that a lower bound of somewhere between 

1.5 and 2.0 is reasonable. 1.5 would be the more conservative value to use (since it widens 

the envelope between the lower and upper values). 

What is the impact on the design when both upper and lower bounds are taken into 

consideration? 

To establish this a comparative study can be undertaken using the test model. 

The total weight of beam, column and wall steel can be determined using one of the methods for 

emulating the traditional approach. (i.e. the upper‐bound solution). The model can then be reanalysed, 

having made an allowance for differential axial displacements, (i.e. the lower‐bound solution). The 

reinforcement provision already established is then checked for the new design forces and if necessary 

the provision is increased at any failing locations. The overall impact can be assessed in terms of the 

changes to the total steel reinforcement weight. 

The results of this exercise are as follows: 
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Upper Bound  Design for Add check for Add check for 

Emulation  Upper‐bound Lower‐bound Lower‐bound 

Method  Only AF 1.5 AF 1.0 
     

AF 3.0 Total Beam Steel (kg) 44980 45334 (+0.8%)  
     

 Total Column & Wall Steel (kg) 80185 80211 80712 

   (+0.03%) (+0.7%) 
     
     

AF 4.5 Total Beam Steel (kg) 44907 45273 46438 

   (+0.8%) (+3.3%) 
     

 Total Column & Wall Steel (kg) 80192 80261 80762 

   (+0.09%) (+0.7%) 
     
     

AF 5.3 Total Beam Steel (kg) 45774 46528 47781 

   (+1.6%) (+4.4%) 
     

 Total Column & Wall Steel (kg) 80187 80344 80845 

   (+0.2%) (+0.8%) 
     
     

FE Chasedown Total Beam Steel (kg) N/A 43847 45658 

    (+4.1%) 
     

 Total Column & Wall Steel (kg) N/A 80545 82180 

    (+2.0%) 
     

Consider Case where AF = 3.0 is upper bound and AF = 1.5 is the lower bound: 

In this case the implications of considering the envelope are quite minimal. A 0.8% increase in beam 

reinforcement and a 0.01% increase in column and wall reinforcement is introduced. 

Consider Case where AF = 5.3 is upper bound and AF = 1.0 is the lower bound: 

In this case the envelope being considered includes extremes that have been suggested to be the most 

conservative at both ends. The result is that a 4.4% increase in beam reinforcement and a 0.8% increase 

in column and wall reinforcement is introduced. 

Consider Case where FE Chasedown is upper bound and AF = 1.5 is the lower bound: 

FE chasedown only provides results for the gravity loadcase, lateral load results must come from the full 

3D building analysis. In this case the least overall reinforcement weight is determined. This is likely to 

be because sway effects introduced by gravity load get eliminated (as they are in a traditional sub‐frame 

analysis). 

What is the impact on the design when Pattern Loading is Introduced? 

In order to compare all the methods on a like for like basis, the reinforcement weight comparisons above 

did not include analysis or design for pattern load conditions. It was noted earlier that the FE Chasedown 

method does not currently cater for pattern loads. Pattern loads can only be considered by the AF 

method where the full 3D building analysis is used. The full 3D analysis also allows rigid zones to be 

introduced in which case design moments are taken at the face rather than the centreline of supports. 

Therefore, we can look at the overall impact of considering pattern loads but at the same time 

introducing the efficiency of rigid zones. 
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The reinforcement weights when both pattern load and rigid zones are considered are as follows: 

Upper Bound  Design for Add check for Add check for 

Emulation  Upper‐bound Lower‐bound Lower‐bound 

Method  Only AF 1.5 AF 1.0 

AF 4.5 Total Beam Steel (kg) 40437 40964 42295 

   (+0.8%) (+3.3%) 

 Total Column & Wall Steel (kg) 78778 78891 79517 

   (+0.1%) (+0.9%) 

AF 5.3 Total Beam Steel (kg) 40951 41568 42839 

   (+1.6%) (+4.6%) 

 Total Column & Wall Steel (kg) 78851 78980 79606 

   (+0.2%) (+1.0%) 
     

Compare the total weight requirement after designing for upper bound of 4.5 and lower bound of 1.5. 

For the beams, the weight is now 40964 kg, it was 45273 kg before rigid zones were introduced. For the 

columns, the weight is now 78891 kg, it was 80261 kg before rigid zones were introduced. The new 

reinforcement weights are also slightly lower than the weight previously shown when the FE chasedown 

method was used (43847 and 80545 respectively). 

For this example model, the AF method can be used with double benefit when compared to FE 

chasedown: 

1. It eliminates any concerns about not having considered pattern loads 

2. By introducing the efficiency of rigid zones it also results in the least overall reinforcement 

requirement. 

Conclusion on Design Impact 

For the example model it seems that the impact of considering upper and lower bound solutions would 

have quite minimal effect on overall construction cost. For the columns and walls in particular, it seems 

that the vast majority of members are unaffected. 

The FE chasedown method does not allow pattern loads to be considered at the upper bound. If this is 

a concern, then the AF method must be used. In practice the AF method will be a little more time 

consuming to apply, but this example also demonstrates that allowing the use of rigid zones along with 

full pattern loading could have a net overall benefit when compared to the FE chasedown method. 
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Overall Summary of Suggested Procedure 
 
Assuming the Area Factor method is to be adopted the following steps summarise the entire 
procedure that should be undertaken. 
 

• Determine if DADE is important for the structure under consideration.  
▪ After an initial analysis using AF = 1, examine the beam bending moments and the vertical 

deflections of columns and walls at the top floor of the structure.  
▪ If effects are not a concern then no further action is required.  
▪ If steps need to be taken to eliminate DADE record sway deflections in both directions before 

proceeding.  
• Initial Design ‐ Emulate traditional hand calculation methods  

▪ Use the approach demonstrated in these notes to determine an appropriate AF adjustment to 
apply. (If it is your intention to perform the check design stage below then there is little harm 
in erring on the high side at this point)  

▪ Re run the analysis and review the revised results at the top floor. If the DADE seems to have 
been largely eliminated continue with design of all column and wall members.  

▪ Design all columns/walls/beams  
▪ If the sway deflections are largely unchanged then you might choose to stop at this point, 

however, if you prefer to cross check taking some account of DADE then proceed to next 
stage.  

▪ If the deflections have changed significantly then it is strongly recommended that a second 
analysis run is made with a lower AF and that the columns and walls (at least) are checked for 
the results of this revised analysis.  

• Check Design ‐ Allow for differential axial deformations  
▪ Use a column area multiplier of between 1.5 and 2.0 (1.0 if you want to be more conservative)  
▪ Run check design on all columns/walls/beams. (Check design on beams might be considered 

optional)  
▪ Increase reinforcement on any failed members (needs to be done interactively on beam lines)  

• Final Design and Submission Calculations  
▪ Return to the AF determined at the initial design stage above.  
▪ Run check design on all columns/walls/beams (all should pass if the above exercise 

was completed properly).  
▪ Generate submission calculations:  

• Moment diagrams etc based on this analysis will be more familiar to the checking 
engineer.  

• You will however have designed for larger moments in some places, so the steel may 
appear to be overprovided at those points. 

 
The above is illustrated in a DADE Analysis & Design Flowchart at the end of this chapter together with 
the possible option of using the FE chasedown procedure. 
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Closing Discussion 

Typical Concerns 

The sorts of concerns expressed by engineers as they begin to consider this topic for the first time 
and then in greater detail are: 

1. The suggested area factor is not a defined value, it is just a suggested range of values. I really want 
a fixed value or values that can always be used. 

2. Making these adjustments to cater for gravity load may be logical but are there side effects? For 
example, will it cause completely different force distribution and building deflection under wind 
loading cases? 

3. Does the FE chasedown option provide another (better?) way to eliminate differential axial 
deformation? 

4. If I am designing for a wider envelope of forces, am I not over‐designing the structure? 

5. Can this all be solved more accurately by using Staged Construction analysis? 

What answers are we trying to get? 

Discussion of any of the above must be prefaced by an acceptance and understanding of the fact that 
"correct" answers do not exist. This point is introduced in the opening discussion. The uncertainties 
associated with concrete as a material and with construction generally dictate this. These sorts of 
uncertainties (cracking, creep, etc) are noted in the seminar presentation. 

Traditionally answers have been achieved by methods involving significant idealisation ‐ continuous 
beam/ sub‐frame analysis. Generally, such designs would totally ignore the potential impact of 
differential axial deformation. Are these design forces to be considered as the "correct" answers, or 
should the potential impact of differential axial deformation be considered? 

Assuming it is agreed that differential axial deformation should not be completely ignored then we have 
a decision to make ‐ do we always allow for axial deformation and abandon the previous methods where 
it was ignored? This is a really a matter for the general engineering community, but if we assume that 
there is concern about abandoning the results that have always been used with no particularly 
detrimental effect, then we inevitably end up having to consider designing for an envelope of forces 
derived from differing assumptions. 

Fixed Values for Area Adjustment Factor 

A single fixed value could only be possible if a decision were made to either always ignore or always 
allow for differential axial deformation. For reasons noted above this does not seem to be a viable 
option and so we must really focus on whether a range with fixed upper and lower limits is possible. 

For the upper limit we are considering the case where differential axial deformation is being largely 
eliminated. Values of 3‐5 are discussed previously, but this is something that can be quite structure 
dependent. However, it is also something where logic can be applied. If the deflections from an un‐
modified analysis are examined and a wall is deflecting down by 2mm while the columns adjacent to it 
are deflecting 5.5mm then the area factor required to eliminate this will be a little in excess of 5.5/2 = 
2.75. (Bear in mind that the stiffer columns will attract increased axial load). 
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In the extreme example the relatively small size of the columns compared to the walls results in quite a 
high figure of around 4.5 – 5.0 being a reasonable upper limit, but use of the higher value would really 
only add a little to overall design conservatism. 

For the lower limit we are considering the case where differential axial deformation is allowed for. As is 
noted above a logical but very conservative lower limit is 1.0. For reasons detailed in the presentation 
we suggest that a 1.5 value is actually a very reasonable lower limit. 

Side Effects on Lateral Load Analysis 

There will be some effect, but the following must be noted: 

• The area factor is only affecting the axial load deformation characteristics of the columns, the 
bending stiffness is not affected. 

• Generally, walls are providing the majority of lateral load resistance and so adjusting column 
properties has quite limited impact on deflections. 

Once again, the impact of this is illustrated in the example. The percentage change in deflections is 
relatively small. 

A bigger question (not considered here) is the extent to which any analysis accurately predicts lateral 
deflection. The result is again entirely dependent on allowances made for creep and cracking. ACI 
guidance on this is more thorough and suggests varying member stiffness adjustments. 

Will FE Chasedown also eliminate differential axial deformation? 

Yes ‐ this is demonstrated in these notes. Instead of running the building analysis with the increased 
area factor, results from an FE chasedown could be used. There is however a limitation in this approach, 
pattern load cases are not considered during FE chasedown. For this reason, we would suggest that the 
area factor adjustment method is not dismissed. 

In Protostructure pattern load cases are automatically derived and included in the full building analysis. 
We understand that in some other software this is not so easy to achieve and so perhaps it is not 
considered imperative that patterning is considered as well as eliminating differential axial 
deformation. In this case some engineers may prefer the option to use FE chasedown. 

Is this going to result in uncompetitive over design? 

Traditional design tended to ignore the impact of differential axial deformation. If we now consider this 
effect, but continue to consider the traditional results as well, then the envelope of design forces will 
inevitably widen for some members which will result in more onerous design. However, for the example 
model considered the net effect of this proved to be quite minimal. 

Is this over design, or a more thorough and professional approach taking account of modern analytical 
capabilities? This is really another question for the engineering community. 

Could I avoid all this complication if Staged Construction Analysis were used? 

This would not avoid complication ‐ it would just mean that different complications need to be 
addressed. A single staged construction analysis cannot deliver "correct" answers. The unknowns 
associated with the input for such an analysis dictate this. The key point to consider is that this type of 
analysis means you have to define properties that would not normally be defined for a basic elastic‐
static analysis, and you would have to allow for uncertainties associated with these: 
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• Time varying properties of concrete ‐ you must be able to define what properties should be used 
at every time step (stage). This includes consideration of early age creep effects. 

• You must define the way in which loading becomes active through the stages. 
 
You must then layer on top of this the need to consider patterning of load. In this context there is load 
patterning along beam lines but also the need to consider loaded and unloaded floors through the 
height of the building. Can this be realistically achieved as part of a staged construction analysis of a 
large structure? 

As with any analysis, if it is not used with a reasonable degree of care and understanding then a staged 
construction analysis can be a sophisticated and time-consuming way of getting bad answers. 

We would suggest that a staged construction analysis is another way of establishing an envelope of 

possibilities. The parameters applied during this process are not specified in any design code, so this 

approach ought to be subject to a similar degree of judgment and scrutiny as is required for the area 

factor adjustment approach.  
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DADE Analysis & Design Flowchart 
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Thank You… 

Thank you for choosing the ProtaStructure Suite product family. 

It is our top priority to make your experience excellent with our software technology solutions.  

Should you have any technical support requests or questions, please do not hesitate to contact us at all 

times through globalsupport@protasoftware.com and asiasupport@protasoftware.com  

Our dedicated online support center together with our responsive technical support team is available 

to help you get the most out of Prota’s technology solutions.  

The Prota Team 
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