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The causal net 
In our previous article1 we described how delay and disruption on complex construction projects usually have 
many causes, leading to different kinds of impacts – and that these are usually all interconnected. For this 
reason, in order to describe causation on complex projects we should not think of “chains of causation”, but 
rather of a “net of causation”. 

In this article we describe this “net of causation”, we examine how the concept has been validated in practice, 
and we explore some of the insights that can be gleaned from it. 

The “Rework Cycle” 
The framework that we will describe in this article is a direct descendant from one originally developed by Ken 
Cooper in 19762, which he famously called the “Rework Cycle”. Cooper developed this framework as a 
blueprint that might explain the disruption and delay suffered on a naval project in the United States. Upon 
the success of this first analysis, the framework was subsequently applied to hundreds of other projects all 
over the world, in all kinds of industries: engineering, oil & gas, shipbuilding, aerospace, automotive, IT 
systems… and of course: construction.  

The “Rework Cycle” has been used as the foundation for proactive analyses to help prevent and mitigate 
disruption on ongoing projects, and for retrospective assessments to support delay and disruption disputes. 
Its ongoing, successful use over the course of more than four decades proves that it indeed captures the 
essence of how projects work: how disruption arises, how it spreads, how managers react when faced with it, 
and how disruption and delay reinforce each other creating potentially devastating “death spirals”. 

Delay and Disruption: A Causal Framework 
In this section we will describe what was initially known as the Rework Cycle: the common mechanisms 
(factors) that define how projects are managed and executed, and how they impact project efficiency and give 
rise to disruption… and delay.  

The Conventional (Linear) View of Project Execution 

Essentially, conventional planning and analysis methods tend to view projects in a linear manner: (1) there is 
a certain amount of work to be done; (2) manpower is applied to do the work; (3) manpower works at a certain 
productivity rate; and (4) work is completed.   

 

1  Please see “From Chain of Causation to Net of Causation: It only took a century”. All articles in this series can be found 
at our website: www.constructiondynamics.global/publications.  

2 Cooper, Kenneth G., “Naval ship production: A claim settled and a framework built”, INTERFACES Vol. 10, No. 6 
December 1980, The Institute for Management Sciences.  
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Figure 1 shows this graphically: At the start of a project, its whole scope of work is “Work Not Yet Started”; as 
“Manpower” is applied (working at a certain “Productivity” rate”), work gets done and flows into the stock of 
“Work Complete”.  

 

Figure 1: Linear representation of how projects are executed. 

Then, of course, as the project progresses, manpower levels are adjusted based on the planned sequence of 
activities. Figure 2 represents such a perfectly planned and perfectly executed project. 

 

Figure 2: Manpower changes as the project progresses. 

Why do we say that Figure 2 represents a “perfect” project? Because this world-view still misses most of the 
complications that real projects have to deal with – especially, two very crucial ones: 

• First, there is rework: it is a fact of life that people make mistakes, which eventually have to be fixed… 
and since most mistakes are normally found late in the construction process, this often leads to long 
“snagging” or “punch-listing” periods. 

• Second, there are different mechanisms that can cause losses in efficiency on a project: the use of 
unskilled labour, an excessive use of overtime, work performed out of sequence, overcrowding… And 
since these are all caused by different factors, they will impact the project at different times in 
different ways. 
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Let us see, then, how we should amend our causal framework to take into account these two characteristics 
of real, complex construction projects. 

Rework 

Figure 3 shows how rework arises: Rework becomes necessary on a project when “Work Quality” is less than 
perfect, i.e., when some of the work is not executed 100% completely and correctly. Since nobody is ever 
perfect, rework is a fact of life on all construction projects. 

As the graphic shows, a ‘less-than-perfect’ “Work Quality” leads some of the work being completed to end up 
in the “Hidden Rework” pool: this work is flawed, but the project does not yet know this, so it is only after the 
hidden errors and/or omissions are discovered that this work flows into the pool of “Rework To Do”. Then, 
managers assign some manpower to fix it, and the work finally flows into the pool of “Work Completed” … 
although perhaps some part of it may still be executed incorrectly, thus generating even more future rework.  

 

Figure 3: Work quality and rework. 

Figure 3 allows us to explore some additional negative consequences of rework. First, rework is generally 
discovered and executed long after the original mistakes have been made – and, for this reason, it is generally 
difficult to determine what caused these mistakes in the first place. For the same reason, construction 
managers often underestimate the cost of poor quality, and/or the usefulness of early detection of mistakes: 
since errors are detected long after they were created, it is hardly ever possible to connect them to the actions 
that actually caused them. 

Long rework detection delays make the cost of poor quality seem lower than it 
actually is. 

Second: Because of hidden quality issues, progress tends to be overreported. Projects nearing completion are 
perfect examples of this: When nearing completion, most construction projects undergo an intensive 
“snagging” process, detecting and fixing errors and omissions on activities that had been reported as 
“complete” weeks, months, or even years before. This can lead to long periods during which a lot of 
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construction effort is spent, yet hardly any additional progress is reported – Figure 4 graphically depicts this 
condition, usually called the “Lost Year” / “90%” syndrome (because it can take a whole additional year to 
finish a project that already seemed to be near complete.) 

 

Figure 4: The “90% Syndrome” – reported vs. real construction progress. 

Rework detection delays inevitably lead to overreporting of construction completion 
(S-curves.) 

Finally, hidden rework is also an important reason why projects so often finish later than planned: Project 
managers do not and cannot anticipate the resources that will be required to complete all the rework since, 
by its very nature, rework is unexpected and thus cannot be planned. When it remains undetected for long, it 
accumulates, and when it is eventually detected it diverts large numbers of people from doing other work, 
thus delaying project completion. 

Long rework detection delays cause project delays. 

Schedule Delays 

When a project achieves less-than-desired rates of progress, this pushes out the “Expected Completion” date 
of the works – and contractual penalties for lateness then drive the contractor to implement acceleration / 
delay mitigation measures (see Figure 5.) 

There can be many reasons for project delays: some will be directly caused by external events for which the 
Client may be responsible… but some can be driven by losses of efficiency. Figure 5 reflects just such a 
situation: If the crew of our project works half as fast, or if it has to be diverted to complete a large amount of 
rework, then progress suffers and work gets completed later than planned. If the losses and/or the rework are 
pervasive (i.e., if they affect a large enough fraction of the workforce), then the ensuing delays inevitably end 
up affecting the project’s critical path, and thus its completion date. 
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This connection between disruption and delay has been recognised by the Society of Construction Law in its 
Delay and Disruption Protocol (2nd edition, 2017, p. 10): 

“Delay and disruption are inherently interrelated. A loss of productivity (i.e., disruption) can lead to delay 
and, if the impacted activities are on the critical path, that can be critical delay.” 

 

Figure 5: Schedule delays and acceleration. 

Schedule Pressure 

Returning to schedule mitigation measures, the first decision that can be made to mitigate mounting delays 
on a project is to apply Schedule Pressure on the work crews, so that they work faster. The greater the 
schedule pressure, the higher the crew’s productivity becomes... at least for a short duration (see Figure 6), 
and thus some of the delays are mitigated. 

However, the productivity gains from schedule pressure are usually short-lived, because after some time 
people get used to the increased pressure and start considering it as “normal “, reverting to their pre-existing 
routines. And, even worse, schedule pressure also has the unfortunate side effect of increasing rework: When 
people work faster because of additional pressure, they tend to cut corners and end up making more mistakes 
– which, when discovered, drive the need for yet more rework, in turn causing even more delays… etc. 

Disruptive ripple effects are engendered by feedback: chains of causation closed 
into loops, that keep going, and going, and going… 

However, before we analyse the profound consequences that are derived from having a “closed” causal 
framework (one in which one or more chains of causation end up closing in on themselves, forming feedback 
loop(s)), let us first flesh out our causal framework a bit more. 
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Figure 6: Direct impact of schedule pressure on productivity and work quality. 

Out-Of-Sequence Work 

As stated earlier, projects have a planned sequence in which to deliver the works, to ensure that activities are 
performed in a timely, effective and efficient manner. To achieve maximum efficiency, this planned sequence 
only allows resources to be assigned to an activity when all its necessary pre-requisite activities have been 
completed.  

 

Figure 7: Out-of-sequence impact on efficiency. 

However, when projects are running late managers can decide to do some work “out-of-sequence”, i.e., to 
start work on activities for which not all pre-requisites have been completed. The lack of pre-requisites on out-
of-sequence work will force these projects to implement workarounds, (i) using materials destined for other 
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activities (thereby subsequently depriving the latter of necessary resources), (ii) performing temporary works 
that would otherwise not have been constructed, and/or (iii) substituting missing design information by 
assumptions. 

Any of these actions will reduce the productivity of the workforce… and they will also reduce work quality: the 
uncertainty caused by the missing prerequisites will cause people to make more mistakes, thus causing 
additional rework in the future. 

 

Productivity Loss Factors 

The productivity loss factors described in this article are only a subset of those typically encountered on 
construction projects – the sample in this article has been kept small so as to keep the diagrams readable. 

The actual potential list of productivity loss factors is much longer, and it includes fatigue from overtime, 
dilution of supervision, extreme weather conditions, etc… For more information on productivity loss factors, 
please refer to (for example): 

• AACE International, “Recommended Practice No. 25R-03 Estimating Lost Labor Productivity in 
Construction Claims”; or 

• Mechanical Contractors Association of America, “Change Orders, Productivity, Overtime – A primer 
for the Construction Industry”. 

 

Mobilisation and Overstaffing 

Improved performance of workers over time, also known as “learning curve proficiency,” is well understood: 
the more workers use a certain skill, the better they will get at it, which translates to lower cost, faster rates, 
shorter duration and higher output in the longer term. 

The same happens on construction projects: When first mobilised, crews will need to familiarise themselves 
with the site, the procedures, etc. – and it will take some time (up to a few weeks) until new crews can work 
at full efficiency (Figure 8.)  

Also, sometimes, in attempting to progress the Works, more labour is applied to an activity or project than the 
number of available work fronts may warrant. As we saw previously, this may lead to people working out-of-
sequence – but, in extreme conditions, this could also lead to more people being applied to individual activities 
(overcrowding) than would be optimal which, in turn, could be highly disruptive.  

For example: if a crew of five persons found itself engaged in painting a two-meter-long wall, it would probably 
still require nearly as much time as a smaller, more sensible crew (say 2 painters) would have needed – or 
worse, they might take even longer if painters started to get into each other’s way. 
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Figure 8: Mobilisation and overstaffing impacts on efficiency. 

Error Cascading 

The factors driving efficiency losses are present in all projects, since they arise from the basic way in which 
they are managed, and work is executed. As we have noted previously, some of these factors may be caused 
by management decisions – but others are simply a fact of life. The latter is the case for “error cascading”, 
depicted in Figure 9. 

 

Figure 9: Error Cascading impact on efficiency. 

When supposedly completed activities are actually partially incomplete or incorrect, they flow into the pool 
of “Hidden Rework” instead of into that of “Work Completed”, this  can impact the productivity and the quality 
of the work on subsequent activities: when attempting to work on these follow-on activities, people will find 
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these unexpected problems and will be forced to (i) use workarounds, (ii) use materials and resources destined 
for other activities, and/or (iii) re-plan the works and look for a different activity to work on. All of these will 
slow down the work, and it will also cause people to make additional mistakes (hence the term “error 
cascading” – errors causing more errors.) 

Availability of Design and Procurement 

So far, we have described how disruption may arise within a set of project activities – but very often these 
dynamics also involve other areas of the project. For example: construction efficiency will suffer if crews do 
not have all the design / shop drawings they require; or, construction will also suffer when procurement has 
not delivered all of the necessary materials (see Figure 10.) 

 

Figure 10: Availability and quality of prerequisites impact on efficiency. 

There is another consequence that cannot be ignored: When these issues become severe enough, project 
managers will try to be proactive and reduce the manpower working on the project, recognising that it is futile 
to attempt to make more progress in such a negative environment. By willingly slowing down progress they 
will try to give prerequisite work phases (Design, Procurement) time to “catch up”. 

 

Figure 11: Typical major project work phases. 

All our attention, thus far, had been focused on construction – but now we see that design and procurement 
also impact productivity and progress in construction (Figure 11.) Furthermore, obviously design and 
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procurement are subject to the same kinds of dynamics that impact construction phases – so a full causal 
analysis of a project will need to consider the internal dynamics of all these work phases… as well as those 
resulting from the cross-impacts among them. 

The dynamic nature of disruption 

Loops have no end 

So far, we have shown how project performance can be impacted by a broad variety of factors. 

 

Figure 12: Feedback around an efficiency factor. 

As described earlier, the efficiency factors described earlier work in feedback loops: they influence 
performance, and then performance further activates / exaggerates the same (or other) factors. The reason 
why this is highly relevant is because, as we just saw, once you close a feedback loop it creates dynamics of its 
own: project conditions and decisions will cause some disruption, and this disruption will, in turn, alter project 
conditions… thus also leading to new decisions… etc.  

This feature of project dynamics can be especially consequential when dealing with efficiency, because most 
of the loops are “reinforcing” in nature: once performance goes one way, feedback will tend to magnify that 
(usually negative) effect. 

As an example, let us have a closer look at the dynamics of an acceleration measure (working out-of-sequence, 
see Figure 12): 

• The main purpose of working out of sequence is to speed up progress, usually by increasing the 
resources employed on the project. Pushing manpower levels beyond those that could be employed 
with peak efficiency will (by definition) cause some loss of efficiency, but this is a side-effect that 
managers are often willing to accept. 

• However, it is almost impossible for managers to correctly anticipate the magnitude of the 
inefficiencies caused by the decision to increase manpower: productivity losses are generally non-
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linear, and the human mind has a strong built-in tendency to extrapolate linearly. Thus, managers are 
more than likely to underestimate the disruptive impacts of their decision. 

• Inefficiencies also involve additional rework, and this is even more difficult to anticipate – it is nearly 
impossible for project managers to identify what actions caused which mistakes after the fact, because 
the mistakes are invariably discovered weeks (or even months) after they were made.  Thus, managers 
will generally underestimate the amount of rework caused by their decisions.  

• As a result of the above, adding manpower and working out-of-sequence will ultimately be unlikely to 
achieve as much additional progress as expected…  

• … and this may lead project managers and clients to decide to implement additional acceleration 
measures – for example, adding even more manpower or equipment (and thus working even more 
out-of-sequence.) 

• In extreme situations (depending on project conditions and the nature of the project’s decision-
making), this vicious cycle / circular logic can eventually completely derail project performance.  

The effects of disruption just keep going, rippling through the whole project. 

But wait a minute: Is disruption not caused by clients? 
So far, we have discussed disruption as something intrinsic to projects: the causal mechanisms that we have 
analysed do not include any external events, they simply describe how projects may work when left to 
themselves. In other words: no contractor is perfect, so there is always at least a small number of tasks that 
will be mis-planned, a small number of mistakes will be made that will lead to a small amount of rework, small 
delays will be caused… etc.  

And yet, in most publications, in contractual disputes etc., disruption is discussed in the context of how the 
client impacted the project. This is because client-responsible disruption arises from the same causal network 
that we have described so far: External (client-responsible) events simply exacerbate, “turbo-charge”, as it 
were, the same mechanisms that give rise to intrinsic disruption on projects.  

External disruptive events: Direct impacts and ripple effects 

To understand the disruptive impact of external (often client-responsible) events, we first and foremost need 
to understand how they fit into our causal framework. More specifically, we need to understand how each 
event will directly impact the framework. 

Take, for example, site access restrictions: how would these directly impact site activities? Well, the strongest 
and most likely direct impact would be to restrict the number of effective people that would be able to access 
the site and work each day, while the event lasted3. 

 

3 “Effective people” means “Full Time Equivalents” (‘FTEs’) – for example, if a person lost half a workday waiting in line to 
access the site, for that day this person would only count as ½ FTE. 
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Knowing this we can add an additional element (see Figure 14, in red), and consider how this direct impact 
would then ripple throughout the framework: 

 

 Figure 14: A typical direct impact of site access restrictions… and its unintended ripple effects. 

a) First, an unplanned change in manpower would lead to some amount of daily work being re-allocated 
to different crews, thus impacting the efficiency of the work performed on site. 

b) The reduced manpower and the resulting productivity losses would, in turn, lead to a slower rate of 
progress being achieved, and this, if generalised enough, would eventually increase delays to the 
project’s completion. 

c) Project delays would lead to acceleration measures, one of which would likely be to add more 
manpower to the project… 

d) … which would cause work to be performed out of sequence, causing further efficiency losses. 

e) All of the above would also have caused additional errors and omissions. At some point, these would 
be detected, and rework would need to be undertaken. The diversion of resources required to 
perform this rework would further slow the project down … 

f) … and so on and so forth. 

The causal mechanisms just discussed were always present in the project, but in the absence of any external 
events they would have led to minimal levels of disruption – the addition of the external event just 
compounded and multiplied their ultimate impact on the project. 

External events turbo-charge disruptive mechanisms on construction projects 
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How to use this framework? 
The framework presented here is undeniably complex. Yet, its successful use on hundreds of projects over the 
last five decades shows that it simply, effectively, reliably, and accurately reproduces the complexity already 
present in large projects. Indeed, our professional experience over the last twenty years has proven that, when 
confronted with the framework, construction managers find it daunting at first – but then, upon closer 
inspection, when asked about any particular link they inevitably agree that “yes, this is how construction 
works” or “yes, that is what happened”. 

As a result, we would argue that understanding this framework is key to understanding how disruption works, 
how it can be assessed, how it can be managed, and how it can be mitigated. As seen in this article, the 
framework itself already allows us to derive some key insights on project performance, “lessons learned” that 
have been confirmed in practice4. And it can do more: it can be translated into a mathematical model, and 
accurately capture in computer simulations the complex dynamics that characterise the performance of 
construction and engineering projects. 

But this is another story, and we will discuss it in more depth in later articles in this series… 

 

 

 

 

 

 

For more information on other articles in this series, 
please visit our website at 

www.constructiondynamics.global/publications 

 

  

 

4 For additional information, see for example: Graham, Alan K., “Beyond PM 101: Lessons for Managing Large 
Development Programs”, Project Management Journal (2000), Vol. 31, No. 4, pp. 7-18, The Project Management 
Institute. 
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Appendix: Causal links, causal loops, and feedback 

Causal links 

The key to understanding delay and disruption is to understand the causal relationships involved. To facilitate 
the analysis, we will use the following graphical representation: 

 

 

Figure A-1: Cause and effect relationship between out-of-sequence work and productivity. 

Figure A-1 states that the variable at the origin of the arrow (“Out-of-sequence work”) directly affects the 
variable at the end of the arrow (“Productivity”) – and that, thus, there is a cause-effect relationship between 
them.  

Of course, there are other variables that affect productivity, and out-of-sequence work is itself driven by its 
own set of factors. But, all of these additional relationships can be represented in the same way, and these 
representations can then be linked together to produce a more complete picture of this causal chain of events 
and decisions: 

 

Figure A-2: Additional variables extend the causal chain. 

Feedback Loops 

When we start linking causal connections back-to-back, we very often find that they end up forming closed 
loops.  For example (see Figure A-3), increasing delays on projects can lead to hiring more manpower, which 
will, in turn, lead to higher rates of progress… which will then, of course, affect the delays (reducing them.) 

 

Figure A-3: A simple feedback loop. 

The reason why feedback loops are relevant is because they create their own sets of dynamics: Circles (loops 
in general) do not have a clear beginning nor a clear end, and so in them the cause-effect game keeps playing 
itself out forever. This causal structure explains the concept of “ripple effects”: feedback loops explain how 



 
 
  
  

 
© Construction Dynamics Solutions LLC 2021  15 

A causal framework for delay and disruption 

events will lead to decision that will have consequences, which will force managers to revise those decision… 
which in turn will lead to new consequences… and so on and so forth. 

For example, the loop depicted in Figure A-3 describes how, when the system starts to deviate from its desired 
performance (e.g. when delays start to accrue), the project team can react and attempt to restore its balance 
– in this case, by managers deciding to add more manpower. This type of feedback loop (a “balancing” loop), 
describes the essence of project control mechanisms: when the status of the project deviates from what is 
desired, managers use corrective mechanisms to put the project back on target. 

However, there is a second type of feedback: “reinforcing” feedback. Developing the example initiated 
above, adding more manpower to an already well-staffed project will cause some of the people to work out-
of-sequence, and that this will lower their efficiency… possibly leading to more delays (see Figure A-4.) These 
additional delays would likely lead to the need for additional manpower, and thus force more work out-of-
sequence… and so on and so forth. If left unchecked, the impact of this reinforcing feedback loop could 
eventually overwhelm the positive impact of the balancing loop previously considered, and thrust the 
project into a vicious spiral of gradually worsening performance. 

 

Figure A-4: A system with one balancing and one reinforcing feedback loop. 

Systems Thinking: Inferring performance from causal structure 

The art and science of explaining the behaviour of systems based on the analysis of their causal structures is 
called Systems Thinking. A full description of the complexity and power of this discipline vastly exceeds the 
scope of this article, but interested readers may check out John Sterman’s “Business Dynamics” textbook5. 

 

5 Sterman, John D., “Business Dynamics: Systems Thinking and Modeling for a Complex World”, Part II, McGraw Hill 
(2000). 
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