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 ACT2: Time-Cost Tradeoffs of Alternative Contracting Methods 1 

Kunhee Choi* M.ASCE1, Junseo Bae2, Yangtian Yin3, and Hyun Woo Lee, M.ASCE4, 2 

 3 

ABSTRACT 4 

Incentive/disincentive (I/D) and cost-plus-time (A+B) are the two most widely used alternative 5 

contracting methods (ACMs) for accelerating the construction of highway infrastructure 6 

improvement projects. However, little is known about their tradeoff effects on project schedule 7 

and cost performance. This study addresses this problem by creating and testing a stochastic 8 

decision support model called alternative contracting cost-time tradeoff (ACT2). This method was 9 

developed by a second order polynomial regression analysis and validated by the PRESS statistic 10 

and paired comparison tests. The results of a trend analysis based on a rich set of high-confidence 11 

project data show that I/D was effective at cutting the duration of projects, while I/D produced the 12 

largest cost growth as compared to pure A+B and conventional methods. This cost-time tradeoff 13 

effect was confirmed by the ACT2 model, which determines the level of the cost-time tradeoff 14 

effect for different ACMs. This study will help state transportation agencies promote more 15 

effective application of ACMs by providing data-driven performance benchmarking results for 16 

ACMs when evaluating competing accelerating strategies and techniques.  17 

 18 
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INTRODUCTION 19 

As the majority of the existing highway infrastructure systems were built during construction 20 

booms in the 1950’s and 1980’s and most feature a 20-year design life, this obsolescence issue of 21 

the US transportation infrastructure has created a major dual challenge for State Transportation 22 

Agencies (STAs) (Federal Highway Administration 2002; Lee et al. 2008; Napolitan and Zegras 23 

2008; Uhlmeyer and Russell 2013). Specifically, badly deteriorating infrastructure systems need 24 

to be renewed, while at the same time the public inconvenience caused by construction work zones  25 

must be minimized. For these reasons, STAs are implementing a massive highway infrastructure 26 

rebuild (Choi and Kwak 2012). Such improvement projects are often undertaken in heavily 27 

trafficked urban areas, often causing intolerable inconvenience to motorists. The result is the 28 

average daily commuter spending 54 additional hours and burning 21 extra gallons of fuel each 29 

year, with an annual additional road user delay cost of $1,010 per commuter ($166 billions of 30 

wasted time and fuel annually in total) (Lasley 2019). 31 

To lessen traffic inconvenience during construction under the presence of work zones, 32 

recently, these efforts at accelerating construction were promoted by the Federal Highway 33 

Administration’s Every Day Counts (EDC) initiative, which was designed to reduce project 34 

completion times (Federal Highway Administration 2012). In 2012, the Moving Ahead for 35 

Progress in the 21st Century Act (MAP-21) was initiated with many important provisions, 36 

including new regulations concerning acceleration of project delivery. Cutting the duration of 37 

project delivery and lessening traffic disruption during construction were noted as key challenges 38 

(Federal Highway Administration 2014). A prior study also reveals that the affected communities 39 

and commuters are willing to pay higher costs if they can anticipate that accelerated construction 40 

schedules will minimize their overall inconvenience (Choi et al. 2009). These new initiatives and 41 
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trends have brought to the fore the need for alternative contracting methods (ACMs) that can 42 

concurrently reduce construction duration and lessen unfavorable traffic impact on the traveling 43 

public and commercial enterprises.   44 

 45 

BACKGROUNDS  46 

Historically, cost has been regarded as the major component for determining a winning contract 47 

bid; that is, in the conventional project delivery mechanism, the contractor who turns in the lowest-48 

cost bid wins the contract. However, in the early 1990s, some innovative states began considering 49 

alternative methods that offer the potential to deliver projects faster and limit negative traffic 50 

impact on the traveling public. In recent years, many STAs have adopted ACMs, including 51 

incentive/disincentive (I/D) and cost-plus-time (A+B) contracting methods (Choi et al. 2012; Choi 52 

et al. 2010; Choi et al. 2016; El-Rayes and Kandil 2005; Ellis and Pyeon 2005; Fick et al. 2010; 53 

Jiang et al. 2010; Shr and Chen 2006; Shr and Chen 2003; Sillars 2007). In particular, one 54 

alternative strategy of shortening the duration of construction is to offer an early completion 55 

incentive bonus to contractors procured through the Cost-plus-Time bidding process, commonly 56 

referred to as A+B. The A+B bidding strategy is very common, especially in local urban districts, 57 

and has become one of the most widely used ACMs for reducing construction time, especially in 58 

time-critical projects, often accompanied with I/D provisions for meeting the accelerated project 59 

delivery requirement and minimizing traffic delays (Choi et al. 2012). In A+B contracting, the 60 

winning bidder is the group that turns in the lowest total combined bid for the cost (A) and time 61 

(B) required to complete the project. The “B” value of the contract time determined by the 62 

contracting agency serves as the maximum allowable contract time and must be specified in the 63 

PS&E (i.e., Plans, Specs & Estimate) bid packages. The contractor’s bid for the “B” value 64 
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establishes the contract time in calendar days, after accounting for weather, holidays, and other 65 

non-workdays. In general, for the A+B bidding fixed completion date contracts are discouraged 66 

because the number of actual days the contractor bids and the completion date are likely to conflict. 67 

The use of A+B is a desirable alternative contracting strategy to accomplish early project 68 

completion (Actis et al. 2014), and takes advantage of contractors’ ingenuity by utilizing their 69 

realistic estimates of construction schedule. However, one notable disadvantage of A+B is that 70 

contractors often intentionally bid low on time and costs, which later results in the failure to 71 

complete the project on time and on budget (Chini et al. 2017; Choi et al. 2012; Christiansen 1987). 72 

A+B implementation experiences to date indicate that the effectiveness of A+B contracting is 73 

debatable largely due to inherent inaccuracy in letting contractors specify project duration during 74 

the bidding.  75 

Urban districts have used I/D contracting strategies either as a stand-alone method or in 76 

combination with alternative contracting methods. The system of I/D rewards contractors with 77 

monetary bonuses for early completion of projects and levies fines for schedule delays. In theory, 78 

to encourage competitive contractors to bid on projects, an agency must offer I/D amounts greater 79 

than the contractor’s additional cost of acceleration; this estimate must fall within the agency’s 80 

budget and still be sufficient to motivate the contractor to complete the project ahead of schedule. 81 

The maximum time allowed for the project must be estimated by the contracting agency to serve 82 

as the baseline for the I/D rates. In a conventional contracting arrangement, the general contractor 83 

and subcontractors have no input until they are selected. The agency’s engineers responsible for 84 

determining the contract completion time may lack experience in identifying long lead items and 85 

project constraints. The use of I/D provisions through an A + B bidding takes advantage of 86 

contractors’ ingenuity by utilizing their realistic estimates of construction schedules and costs. It 87 
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is also generally acknowledged that this bidding process eliminates unqualified contractors. 88 

However, A+B combined with I/D provisions is known to increase costs for both agencies and 89 

contractors, but agencies benefit from construction time saved for road users and the contractors 90 

benefit from incentive bonuses (Anderson and Damnjanovic 2008; Choi et al. 2016; Fick et al. 91 

2010; Gransberg et al. 2016). 92 

 93 

LITERATURE REVIEW  94 

The literature review provided a comprehensive overview of ACMs with respect to their cost-time 95 

performance and interdependence on modeling (Choi and Kwak 2012; Choi et al. 2012; Choi et 96 

al. 2015; Ellis Jr et al. 2007; Fick et al. 2010; Ibrahim and Orabi 2016; Jiang et al. 2010; Minchin 97 

et al. 2016; Nahidi et al. 2017; Scott et al. 2006; Shr and Chen 2006; Strong et al. 2005). As 98 

depicted by Fig. 1, the existing body of knowledge pertinent to the scope of this study could be 99 

classified into three primary standpoints: (1) single – researching a sole aspect of performance 100 

measures either on time or cost; (2) parallel – researching the time and cost aspects of performance 101 

measures independently; and (3) intersectional – researching the interdependence of time and cost 102 

performance aspects.  103 
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 104 

Fig. 1. Summary of the existing body of knowledge pertinent to the performances of ACMs 105 

 106 

Notably, the structured survey of pertinent literature (Fig. 1) conveyed the conclusion that 107 

the effectiveness of using ACMs such as I/D and A+B is controversial. For instance, a study by 108 

Scott et al. (2006) used 77 different A+B projects data  (totaling $824 million) that were gathered 109 

from 20 different sources. Choi et al. (2012) reported that the main goal of agencies using I/D and 110 

A+B was to reduce the length of the project’s duration. Subsequently, Choi et al. (2015) examined 111 

the performance effects of ACMs change orders on the aspects of time and cost. The results 112 

showed that projects contracted with ACMs (i.e., A+B and I/D) were more prone to schedule and 113 

cost change orders than did conventionally contracted projects. However, this benefit comes with 114 

possible additional cost and an increased uncertainty (Choi et al. 2015; Minchin et al. 2016; 115 

Molenaar 2005; Scott et al. 2006). A previous study performed by the Construction Industry 116 

Institute (CII) on project delivery and contracting strategy (PDCS) selection (Anderson and 117 

Oyetunji 2003; Anderson 2003) produced an owner tool to select the most appropriate PDCS 118 
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alternatives. The research confirmed that I/Ds were not a differentiator in PDCS selection. The 119 

conclusion was that I/Ds can be used effectively with any PDCS. The studies performed by El-120 

Rayes (El-Rayes 2001; El-Rayes and Moselhi 2001) were aimed to develop a practical model to 121 

optimize the total cost-plus-time bid in A+B projects.  122 

Some researchers have focused on time-cost tradeoff analysis by using a number of 123 

statistical and optimization models, such as regression modeling, integer programming, linear 124 

programming, dynamic programming and genetic algorithms. These optimization models 125 

attempted to minimize project time and cost for highway construction projects (Choi and Kwak 126 

2012; El-Rayes 2001; El-Rayes and Moselhi 2001; Ibrahim and Orabi 2016; Jiang et al. 2010; Leu 127 

and Hwang 2001; Shr and Chen 2006). However, a summary of the comprehensive literature 128 

review shows that there is still very little known about the interdependence of cost and time under 129 

pure A+B and A+B combined with I/D clauses. 130 

 131 

STATEMENTN OF PROBLEMS 132 

To date, the existing body of knowledge pertinent to ACMs shows that both of the above-133 

mentioned methods are increasingly common, but that there is still a large knowledge gap 134 

regarding the interdependence of cost-time performance and modeling. This is attributable to the 135 

following three reasons: 1) data relevant to ACMs are often not available or of poor quality; 2) in 136 

most states, A+B contracting has almost always been used in combination with I/D clauses 137 

(Bayraktar et al. 2004; Fick et al. 2010; Herbsman 1995; Scott et al. 2006), so very little definitive 138 

information about the effects of pure A+B is available; and 3) none of the existing studies 139 

investigating cost-time interdependence modeling analyzes how the originally installed project 140 
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cost interacts with an accelerated schedule, which often is affected by the choice of ACM.  Below, 141 

each problem is described in detail.  142 

Problem I: How to Collect Quality Data?  143 

The effectiveness of project decisions is directly related to the ability of program and project 144 

managers to collect and interpret data.  However, ACM data are often not available or of poor 145 

quality.  For example, while I/D contracting has been used commonly in many STAs, percentage 146 

performance data are still relatively unavailable in the industry. Furthermore, when datasets are 147 

available, they often reflect different aspects of schedule, cost, and quality for projects that differ 148 

in type and scope.  Therefore, many previous studies have more or less compared apples to oranges.  149 

In fact, the absence of comprehensive data hinders an STA’s ability to determine when to use a 150 

specific ACM and the particular type to apply.  151 

Problem II: How to Quantify the Likely Impact of an ACM on Cost and Schedule?  152 

With regards to the existing literature on the impact of pure A+B contracting, several research 153 

studies have been conducted with A+B project data (Bayraktar et al. 2004; Fick et al. 2010; 154 

Herbsman 1995; Scott et al. 2006). However, all existing studies on this topic were based on 155 

incentivized A+B contracting projects, so the performance impact of pure A+B remains unknown. 156 

Among STAs using A+B, it is very common that A+B is applied in association with I/D provisions  157 

(Bayraktar et al. 2004; Fick et al. 2010; Herbsman 1995; Scott et al. 2006). For instance, the Florida 158 

Department of Transportation (FDOT) enforces I/D to be accompanied with every A+B procured 159 

project (Chini et al. 2017; Ellis Jr et al. 2007; Minchin et al. 2016). Along the same line, common 160 

practice for the California Department of Transportation (Caltrans) is that all I/D projects are used 161 

in conjunction with A+B, while A+B can be implemented as a stand-alone method without I/D 162 

(Choi et al. 2012; Choi et al. 2015). To date, I/D outcomes indicate that the effectiveness of I/D 163 
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rewarding system is debatable, due largely to the inaccurate contract times and the values 164 

associated with road-user delay (Choi et al. 2013).  To a significant extent, the contract time 165 

determination has resorted on the engineers’ experience and judgment (Choi and Kwak 2012).   166 

Problem III: How to Link Cost and Schedule Interdependence to the Choice of ACM?  167 

In spite of the common use of ACMs such as A+B and I/D, there has been very little research on 168 

their cost and schedule performance or the modeling of their interaction with the choice of ACM. 169 

This knowledge gap is largely attributable to the lack of available data. Very few systematic and 170 

repeatable research has been conducted on the particular effects of pure A+B; none of the existing 171 

studies investigate or model how cost interacts with an accelerated schedule driven by the adoption 172 

of ACMs.  173 

 174 

RESEARCH OBJECTIVES  175 

For the three reasons delineated above, the impact of I/D and pure A+B on cost and time 176 

performance remains largely unknown, and thus serves as the point of departure for this study. The 177 

lack of quantitative studies modeling a project’s characteristics and performance according to the 178 

ACM applied prevents STAs from accurately budgeting and realistically assessing when to 179 

implement such contracting strategies and which method to use. To address these problems, this 180 

study endeavors to assist STA engineers and decisionmakers in establishing the most appropriate 181 

budgets and schedules, helping them to obtain advanced knowledge of an ACM’s potential 182 

consequences as driven by the choice of ACM through the quantification of cost-time performance 183 

and interdependence modeling. To achieve this overarching goal, this research focuses on 184 

investigating the marginal cost-time impact of the selected ACMs and subsequently, creating and 185 
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testing a cost-time tradeoff decision-support model that predicts how the originally installed 186 

project cost is affected by schedule compression driven by the choice of an ACM.  187 

 188 

RESEARCH METHODS AND DATA COLLECTION  189 

The research objectives were achieved by conducting a four-stage methodology that articulates 190 

data stratification and analysis techniques (i.e., trend analyses, descriptive statistics, and 191 

hypothesis testing) and modeling frameworks where a balanced and viable tradeoff point between 192 

contract time and cost of ACMs is assessed and the model’s prediction accuracy is validated. More 193 

specifically, first, a rich set of 1,372 project data were obtained from Caltrans. The data included 194 

highly detailed information about key project indicators such as project summary, schedule, and 195 

cost, as well as information about the ACMs pursued for each project (see Table 1). Data were 196 

stratified for an unbiased analysis and modeling purpose, with regards to project type, size, and 197 

type of ACMs.  Second, the stratified data were analyzed to investigate current trends in 198 

transportation infrastructure improvement projects. Third, the observed trends were statistically 199 

re-examined for scientific inference and generalization purposes. Whether or not the adoption of 200 

an ACM was effective at reducing the duration of a project and providing cost savings to the 201 

agency were tested by conducting multiple planned comparison tests. Lastly, an accelerated 202 

alternative contracting cost-time tradeoff (ACT2) model was created from a second order 203 

polynomial regression analysis with one-way ANOVA. The model’s validity and reliability were 204 

then tested and successfully proven by utilizing two well-known statistical validation techniques, 205 

the predicted error sum of square (PRESS) and paired difference tests.  206 

This  study is focused on the following three contracting strategies:   207 
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▪ Conventional: projects that were awarded through a typical unit price contract under a 208 

benchmarking design-bid-build project delivery method. 209 

▪ Pure A+B: projects contracted solely through A+B bidding as a stand-alone method.   210 

▪ I/D with A+B: projects contracted through A+B bidding with I/D provisions. 211 

Problems with contracting related data collection from the highway construction industry 212 

are pervasive and can be grouped into two large categories: availability and quality. In response, 213 

the goal of the data collection for this study was to develop high-fidelity datasets that were 214 

representative, unbiased, and pertinent to the research goals. The research team was fortunate to 215 

have strong support from an STA servicing a leading state in ACM use. The original set of 6,000 216 

datapoints were obtained from the Caltrans. A total of 1,372 projects completed in California in 217 

the past decade were unbiasedly selected after eliminating missing data through a rigorous data 218 

stratification process. As shown in Table 1, the studied data covered three primary areas such as 219 

project summaries, schedules, and costs. 220 

Table 1. Project Data Characteristics 221 

 No. Value type Description 

Project summary 1 EA number 6-digit unique project ID 

2 District  

3 County  

4 Route  

5 Postmiles Lane-miles rebuilt 

6 Location description  

7 Project type Roadway 3R, capacity-added, bridge 

8 Contractor  

9 Contracting type Conventional, A+B only, I/D w/ A+B 

Time factor 11 Original project duration Originally scheduled project duration  

12 Contract SCO days Days added due to change orders 

13 Amended contract time Equals 11+12 

14 Actual project time Days spent to complete project  

15 Level of schedule changes Equals 12/11 

Cost factor 21 Original contract amount Awarded bid amount 

22 Contract CCO amount Costs added due to change orders 

23 Amended contract amount Equals 21+22 

24 Actual project cost Cost of completing the project 

25 Level of cost changes Equals 22/21 

 222 
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 223 

TREND ANALYSIS  224 

Fig. 2 displays the current trend of infrastructure improvement projects; it indicates that the three 225 

major project types represent approximately 67.4% of all project establishments. When viewed as 226 

a percentage of all contract cost allotments, it becomes even clearer that the three major types 227 

(83.0%) are forming an ever-greater portion of infrastructure improvement projects. This number 228 

also suggests that the major types tend to feature larger project sizes than do other types.  229 

 230 
Fig. 2. Trend in infrastructure improvement projects 231 

 232 

It is noteworthy that among the three major types, roadway construction (i.e., 3R) 233 

represents 51.1% of all project establishments. This emphasis on the 3R type reinforces the 234 

observation that the trend in infrastructure improvement projects has begun to shift from building 235 

new roadways to rebuilding existing infrastructure. This high percentage of renewal projects 236 

focusing on existing roadways and the increased potential for growth in the near future implies 237 

that ACMs will play an instrumental role in shortening the duration of projects (especially in high-238 

profile urban areas), consequently lessening the impact of traffic on the traveling public.  239 
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Fig. 3 displays the tendency to adopt ACMs more frequently for capacity-added projects 240 

such as the widening of existing lanes or addition of new lanes in live traffic conditions. These 241 

capacity-added projects, which are usually of a relatively large scale, are typically undertaken in 242 

heavily trafficked urban areas in order to meet the ever-growing traffic demand. At the same time, 243 

the large size of these projects requires agencies to close construction work zones for longer 244 

periods of time. These apparently conflicting constraints have brought to the fore the need for an 245 

ACM such as I/D to hasten project completion while minimizing public inconvenience.  246 

 247 
Fig. 3. Adoption of ACMs versus project type 248 

 249 

Fig. 4 shows that the two ACMs selected for this study were implemented in 6.5% of all 250 

of the projects. When this usage was contrasted to the total project allotment cost, the percentage 251 

of utilizing those ACMs rose to 22.9%, meaning that ACMs were used more often in larger-than-252 

usual projects.  253 

 254 
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 255 
Fig. 4. Adoption of ACMs versus project establishment and cost in overall  256 

 257 

Fig. 5 confirms that I/D and A+B projects tended to be much larger than conventional projects in 258 

terms of average project size, as measured by the original contract amount. Following is more 259 

detailed information about the characteristics of I/D projects: 260 

▪ I/D projects ($16.3 million) had the largest average project size when the original contract 261 

amount was compared, followed by A+B ($13.4 million) and conventional ($4.1 million) 262 

projects. 263 

▪ The large size of I/D projects implies that the I/D strategy has primarily been adopted to 264 

relatively large-scale projects where time is of the essence.  265 

▪ The average size of ACM projects ranges from $5 to $15 million, whereas conventional 266 

projects were around $5 million. 267 

▪ The capacity-added projects had the largest project size. 268 

 269 
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 270 
Fig. 5. Average project size of ACMs versus project types 271 

 272 

Fig. 6 displays daily contract dollar values for three contracting strategies. It was noted 273 

earlier that I/D more closely corresponded to use in larger-size projects than did A+B in terms of 274 

contract dollar value per project. As Fig. 5 shows, it is noticeable that the daily project size of A+B 275 

($68,380) is larger than that of I/D ($63,512) in terms of contract dollar value per day, which 276 

results from the relatively shorter duration of A+B projects compared to I/D projects of similar 277 

project scope and size (A+B were 196 days on average, while I/D’s average was 257 days). Taken 278 

together, A+B projects seem to be subject to significant contractor underestimations of contract 279 

time when bidding on the “B” portion, likely because doing so makes a reward is more likely.  280 

 281 
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 282 
Fig. 6. Average project size per day versus ACMs 283 

 284 

 285 

DISCRIIPTIVE STATISTICS AND HYPOTHESIS TESTING  286 

Key Performance Indicators for Assessment and Interpretation 287 

Investigating cost-schedule effectiveness and modeling the interaction effect of selected ACMs 288 

were the primary objectives of this study. In considering these goals, trends in transportation 289 

projects by project type and ACM were first examined. To further document the cost-schedule 290 

effectiveness and model the interdependence tradeoff effect between cost and schedule 291 

performance, the following two project performance indicators (PPIs) were quantified from the 292 

project data examined. A series of planned hypothesis comparison tests were then performed from 293 

the computed PPIs prior to creating and testing the ACT2 model.  294 

• Cost Performance Ratio (CPR) = [(final contract amount – original contract amount) / 295 

original contract amount]                                                                                                 (1) 296 

• Schedule Performance Ratio (SPR) = [(final contract time – original contract time) / 297 

original contract time]                                                                                                      (2) 298 

 299 
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   The Cost Performance Ratio (CPR) was used to examine the level of cost growth. This is 300 

defined as the ratio of difference between the final and original contract amounts to the original 301 

contract amount. A positive ratio implies cost growth and a negative ratio means a reduction. The 302 

original contract amount consists of the cost of the bid items that the contractor specifies. The final 303 

contract amount is the final project cost expended for the bid items at the conclusion of the project, 304 

including total contract adjustments (e.g., incentive payments to contractors).  305 

The Schedule Performance Ratio (SPR) is the ratio to evaluate the level of schedule 306 

accuracy. A negative value means that the project was finished sooner. A positive value implies 307 

that the project took longer. If the ratio equals zero, this denotes on-time project delivery. The 308 

amended contract time due to the occurrence of change orders was not considered for the purpose 309 

of this study. This was because the magnitude and frequency of contract change orders are likely 310 

to be affected by the choices of ACMs (i.e., accelerated construction). SPR was used to investigate 311 

whether the use of an ACM offers a decisive time-saving advantage over conventionally contracted 312 

projects. 313 

 314 

Descriptive Statistical Analysis  315 

Of the 1,372 projects surveyed, 7.2% were delivered using A+B, 3.6% used I/D, and 89.2% 316 

employed a conventional contracting strategy. The samples were unbiased towards any of these 317 

three project contracting strategies. Each contracting strategy was categorized as one of these three 318 

types. Fig. 7 shows the percentage distribution of the three major project types by contracting 319 

strategy, indicating that both ACMs were awarded more to bridge and capacity-added projects.  320 

 321 
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 322 
Fig. 7. Contracting strategies by project type 323 

 324 

 325 

Fig. 8 shows the distribution of schedules and CPR by contracting strategy. In the cost-326 

time tradeoff analysis, when it came to schedule performance, I/D projects shortened the duration 327 

of construction by cutting the original schedule by 15.8% on average, while A+B and conventional 328 

projects incurred schedule delays by 12.0% and 5.4%. Conversely, in terms of cost performance 329 

analysis, the I/D contracting strategy had the largest overall cost performance change rate (16.7%), 330 

while the conventional contracting strategy was the smallest of the three (6.4%). This demonstrates 331 

that a schedule reduction effort forced by I/D provisions causes additional resource commitment 332 

in order to reduce the schedule of a project, as shown in Fig 8. Therefore, this study may convey 333 

the fact that the adoption of I/D is preferable for shortening construction time because I/D projects 334 

have demonstrated the power of including an I/D provision, which serves as an effective means of 335 

achieving on-time project completion, sometimes even surpassing the agency’s goal.  336 

However, this comes with a cost: I/D projects yield additional cost growth, even though 337 

they support shorter project duration. This cost-time tradeoff effect seen in I/D projects was 338 

scientifically tested to support this general conclusion.   339 
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 340 
Fig. 8. Overall performance measures by contracting strategy: (a) schedule performance, and (b) cost 341 

performance 342 
 343 

While I/D with A+B was found to be an effective means of schedule compression, A+B as 344 

a stand-alone contracting method demonstrated a critical problem. Before this study, it was 345 

believed that the use of A+B would result in a schedule savings effect similar to what is seen in 346 

incentive contracts. However, this initial analysis showed that in both measurements A+B resulted 347 

not only in a noticeable schedule delay, but also a significant cost growth worse than what 348 

conventional contracting produces. This abnormal behavior required a more rigorous scientific 349 

investigation. The following section describes the effort implemented for this purpose.  350 

 351 
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Hypothesis Testing: Project Schedule and Cost Performance versus ACM 352 

In order to make a scientific inference about the schedule-cost tradeoff effect of I/D and the 353 

abnormal performance observations seen with A+B in the previous trend analysis and descriptive 354 

statistics, a planned comparison hypothesis test was carried over to examine if the means of one 355 

contracting group were significantly higher than those of other groups (i.e., one-tailed). This 356 

process is determined by setting an error threshold, called a significance level, α. The significance 357 

level is defined as “the probability that the researcher is willing to take of incorrectly rejecting a 358 

true null hypothesis” (Gerstman, 2003). For instance, in the significance level of 0.01, the 359 

researcher is willing to take one percent probability of incorrectly rejecting a true null hypothesis. 360 

The predetermined significance level (α=.05 for this study) is then compared to a p-value 361 

computed through test statistics. If the p-value is less than or equal to the alpha level, the null 362 

hypothesis is rejected. If the p-value is larger than the alpha level, the null hypothesis is retained. 363 

The primary reason for selecting this testing method over an ANOVA F-test was because the 364 

rejection of the null hypothesis would not specifically verify which mean was significantly 365 

different from the others.  366 

Research Hypotheses Used for Planned Comparison 367 

To investigate the difference in schedule-cost performances of the three ACM groups, six different 368 

hypotheses were established for planned statistical comparisons by reviewing literature (Choi et 369 

al. 2012; Choi et al. 2010; Choi et al. 2016; El-Rayes and Kandil 2005; Ellis and Pyeon 2005; Fick 370 

et al. 2010; Jiang et al. 2010; Shr and Chen 2006; Shr and Chen 2003; Sillars 2007):  371 

1) Schedule performance 372 

▪ Hypothesis 1: ACMs would reduce the duration of projects significantly more than would 373 

conventional contracting (ACMs vs. Conventional).  374 
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▪ Hypothesis 2: Conventional contracting would shorten construction time significantly 375 

more than would A+B (Conventional vs. A+B). 376 

▪ Hypothesis 3: I/D would reduce the project duration significantly more than would 377 

conventional contracting (ID vs. Conventional).  378 

▪ Hypothesis 4: Adoption of I/D would reduce the project duration significantly more than 379 

would A+B (I/D vs. A+B).  380 

 381 

2) Cost performance 382 

▪ Hypothesis 5: ACMs would incur a project cost growth significantly more than would 383 

conventional contracting (ACMs vs. Conventional). 384 

▪ Hypothesis 6: I/D would increase project cost significantly more than would A+B 385 

contracting (I/D vs. A+B). 386 

 387 

Analysis of Hypotheses Test Results for Schedule-Cost Performance 388 

Before conducting hypotheses testing, the research team was aware that the data needed to satisfy 389 

certain preliminary assumptions to produce unbiased results. These included issues such as data 390 

normality, homogeneity of variances, and homoscedasticity, each of which was examined before 391 

testing. It was observed that the data did have a normality issue in terms of the cost-performance 392 

ratio data, and this normality problem was resolved by transforming the data. The research team 393 

believes that even if this was deemed to be an important issue, these assumptions and their testing 394 

were beyond the scope of this work, and a detailed description of this assumption testing procedure 395 

was not necessary.    396 
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Table 2 shows the outcomes of the planned comparisons test performed to quantify the 397 

schedule-cost performance built for the ACMs studied. The t-statistic of -.673 (p = .251) for 398 

Hypothesis 1 yields that there was no significant proof to confirm that ACMs would shorten the 399 

duration of projects significantly more than conventional contracting. Therefore, the planned 400 

Hypotheses 2 and 3 were conducted to further examine the effect that a specific ACM would have 401 

on schedule compression. The significance of Hypothesis 2 (p = .058) reveals that there was no 402 

significant evidence to prove that conventionally contracting projects performed better than did 403 

A+B projects, yet it was very close to the threshold level (p = .050). In contrast, the significance 404 

(p < .05) of Hypotheses 3 and 4 affirms that I/D performed significantly better than did other 405 

contracting projects. These results taken together suggest that I/D would be an effective means for 406 

reducing construction times, while A+B projects were ineffective for cutting down the completion 407 

time of a project (which in certain cases could be worse than conventional projects).  408 

With regards to cost performance measurements by ACM, the research team conducted 409 

two planned comparisons: Hypothesis 5 to test whether ACMs were different from conventional 410 

contracting and Hypothesis 6 to examine if the adoption of I/D would incur a significant project 411 

cost growth. The t-statistic of 2.543 (p = .015/2 = .0075) for Hypothesis 5 shows that ACMs 412 

projects would increase project cost significantly more than the conventional projects. The 413 

significance of Hypothesis 6 (p = .413/2 = .207) shows that there was no significant evidence 414 

proving the validity of the research hypothesis that the adoption of I/D increased project cost 415 

significantly greater than did pure A+B. 416 

 417 
 418 

Table 2. Planned Comparisons Results of Schedule and Cost Performances for ACMs 419 
Parameter  Hypothesis  Value Std. Error t-value Sig.  

(1-tailed) 

Time 1 ACMs vs. Conventional -.098 .145 -.673 .251 

2 Conventional vs. A+B -.130 .082 -1.573 .058* 
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3 I/D vs. Conventional .227 .114 2.001 .023* 

4 I/D vs. A+B .357 .135 2.637 .004* 

Cost 5 ACMs vs. Conventional .113 .045 2.543 .008* 

6 I/D vs. A+B -.036 .044 2.637 .207 

*: Significant at the .05 level (one-tailed) 420 

 421 

While hypothesis testing could be an effective means of examining the marginal cost-time effects 422 

of different contracting strategies, its main usage in the context of this study is limited to examining 423 

the difference in schedule and cost performance of three contracting project groups. It cannot be 424 

used to capture a circularly tradeoff effect between cost and time by the choice of an ACM. It is 425 

imperative to know how the project cost behaves as project duration reduces or increases by the 426 

choice of an ACM. This kind of hands-on knowledge helps STAs make better-informed decisions 427 

when choosing ACMs for early project completion by having advanced understanding about a 428 

balanced and viable tradeoff point between contract time and cost. In light of this this, the natural 429 

logical next step is to develop a cost-time tradeoff decision-support model that predicts how the 430 

originally installed project cost is affected by schedule compression driven by the choice of an 431 

ACM.  432 

 433 

COST-TIME TRADEOFF MODELING  434 

FORMULATION OF ACT2 435 

In addition to the statistical investigations of separate schedule and cost performances of ACMs 436 

conducted in this study, existing research efforts have shed little light on the profound impact of 437 

the choice of ACM on the project cost-time interaction effect. This study addresses these problems 438 

by creating and testing a stochastic decision support model called alternative contracting cost-time 439 

tradeoff (ACT2). The proposed ACT2 provides a new focus on the transformational relationship 440 
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between cost and time as affected by the choice of ACM; this can be seen in the theoretical curved 441 

form shown in Fig. 9.  442 

 443 

 444 
Fig. 9. Theoretical time-cost tradeoff curve 445 

 446 

The ACT2 is a decision support mechanism for an ACM model that can predict how schedule 447 

compression is driven by the implementation of an ACM, placing a premium on the originally 448 

installed project cost. To delineate this uniqueness, modeling the ACT2 involved incorporating 449 

computed project performance indicators (i.e., CPR and SPR) and the choice of ACM into a second 450 

order polynomial regression analysis. As seen in Eq. (3), dummy variable was embedded to 451 

numerically define the categorical variables for the two types of ACM and the conventional 452 

contracting, creating dichotomous variables (i.e., 0 and 1).  453 

                                           CPR = β0 + β1·SPR + β2·SPR2 + β3·I1+ β4·I2                                   (3) 454 

where the continuous dependent variable CPR is the cost performance indicator; SPR is the 455 

schedule performance ratios; and the variables I1 and I2 refer to the vector containing three dummy 456 

coded indicators: for conventional, set I1 = 0, I2 = 0; for pure A+B, set I1 = 1, I2 = 0; for I/D with 457 

A+B, set I1 = 0, I2 = 1. 458 
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 459 

DEVELOPMENT OF ACT2  460 

To produce unbiased results of ACT2, preliminary assumptions were firstly examined and verified, 461 

on aspects of normality, homogeneity of variances, and homoscedasticity. Based on statistically 462 

validated study data, a second order polynomial regression analysis with a one-way ANOVA test 463 

was then implemented to test whether SPR in response to the choice of ACM placed significant 464 

stressors on CPR, as compared to what was seen with conventional contracting. Table 3 is a 465 

summary of the one-way ANOVA analysis results and the second order polynomial regression. 466 

The F-ratio of 9.04 is significant at the .0001 level, suggesting that the proposed regression model 467 

would be adequate. The adjusted R2 value of 0.458 indicates that 45.8% of the variability in the 468 

CPR could be explained by the independent variables, which can be translated into moderate 469 

predictive accuracy of the regression. As a R2-value itself cannot determine whether the estimated 470 

coefficients and prediction are biased, the robustness of the regression analysis result was assessed 471 

further by scientifically examining residuals. To this end, Kolmogorov-Smirnov test was 472 

conducted by setting the null hypothesis that the residuals were normally distributed. The test result 473 

confirmed that the data would be from the normal distribution with the p-value over .01 (p = 474 

0.1072). Therefore, the robustness of the data was confirmed. 475 

 476 

Table 3. Summary of ANOVA and Polynomial Regression Analysis 477 

 Sum of Squares df 
Mean 

Square 
F-ratio P-value 

ANOVA Regression .15296 4 .03824 9.04 <.0001  

Residual 1.97096 466 .00423  

Total 2.12392 470   

 
Coefficient 

Std. 

Error 
t-value 

P-

value 
VIF 

Adjusted 

R2 

Model Intercept  .05158 .00332 15.55 <.0001 0 
0.458 

SPR  .04290 .00914 4.69 <.0001 3.36 
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SPR2 -.00955 .00262 -3.65 .0003 3.36 

I1 .02928 .01150 2.55 .0112 1.01 

I2 .04196 .01658 2.53 .0117 1.00 

 478 

The Variance Inflation Factor (VIF) is an index for measuring the impact of collinearity on an 479 

estimated regression coefficient (Ott and Longnecker 2010). The model’s VIF in Eq. (4) ranged 480 

from 1.00 to 3.36, indicating that there was no multicollinearity issue in the model. With five 481 

significant coefficients, the following equation was derived (Eq. (4)): 482 

 483 

CPR = 0.05158 + 0.0429·SPR ‒ 0.01·SPR2 + 0.02928·I1+ 0.04196·I2                (4) 484 

 485 

As seen in Eq. (4), the coefficients β0, β1, β2, β3, and β4 were derived by conducting a second order 486 

polynomial regression analysis. Based on the concept of well-known cost-time tradeoff shown in 487 

Fig. 9, it is reasonable to assume that an additional cost commitment of ΔC would be required to 488 

accelerate the project schedule by ΔT. To confirm the suitability of the derived regression equation, 489 

two project performance indicators that encompassed CPR and SPR were expressed as functions 490 

of the contractor’s cost change amount (ΔC) and changes in construction duration (ΔT), 491 

respectively.  492 

 493 

𝐶𝑃𝑅 =
𝐶1−𝐶0

𝐶0
=  

(𝐶0+∆𝐶)−𝐶0 

𝐶0
=  (

∆𝐶

𝐶0
)                                           (5) 494 

𝑆𝑃𝑅 =
𝑇1−𝑇0

𝑇0
=  

(𝑇0−∆𝑇)−𝑇0 

𝑇0
=  −(

∆𝑇

𝑇0
)                                          (6) 495 

where: 𝐶1 = 𝐶0 + ∆𝐶; and 𝑇1 = 𝑇0 − ∆𝑇 496 

 497 

As shown in Eqs. (5) and (6) derived from the aforementioned theoretical curve, CPR appears to 498 

have a mathematically positive relationship with ΔC, while SPR holds a negative relationship with 499 
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ΔT. In turn, ΔC implies cost growth against to the original contract amount (C0), while −ΔT 500 

delineates the accelerated contract time compared to the original contract time (T0).  501 

By combining the definition of ΔC and ΔT with the derived polynomial regression equation, 502 

the final ACT2 model is derived to capture the effect of alternative contracting over conventional 503 

contracting for highway rehabilitation projects (Eq. (7)). 504 

 505 

(
∆𝐶

𝐶0
) = 0.05158 − 0.0429 ∙ (

∆𝑇

𝑇0
) + 0.01 ∙ (

∆𝑇

𝑇0
)

2

+ 0.02928 ∙ 𝐼1 + 0.04196 ∙ 𝐼2        (7) 506 

 507 

DISCUSSIONS USING GRAPHICAL REPRENSATION OF ACT2 508 

As described above, the goal of this study was to better understand how the choice of ACM could 509 

affect the performance of highway rehabilitation projects. To quantitatively capture the potential 510 

cost-time tradeoff effects by choice of ACM, changes in contract time and cost were incorporated 511 

into the ACT2 prediction algorithm. It is apparent from the cost-time tradeoff curves in Fig. 10 that 512 

cutting the duration of a project comes with an additional cost commitment. As compared to the 513 

conventional contracting method, ACMs involve a higher interaction rate by holding the level of 514 

schedule acceleration. In I/D contracting (I1 = 0, I2 = 1), prediction of the cost performance change 515 

rate increases by about 4.2% over the conventional method, while A+B (I1 = 1, I2 = 0) increases by 516 

about 3% by holding the schedule change rate.  517 

 518 
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 519 
Fig. 10. ACT2 model: generalization of cost-time tradeoff effect through modeling 520 

 521 

The developed ACT2 provided a new focus on the transformational relationship between cost and 522 

time under ACMs. Main findings achieved from ACT2 comply with past research on this topic and 523 

current applications of ACMs for accelerated highway rehabilitation projects. Both ACMs 524 

encourage contractors to maximize efficiency crews and equipment and to use time saving 525 

methods to accelerate the project. In turn, the additional cost increase for shortening construction 526 

time involves an increase of direct project costs, such as the use of (1) extra crews (regular plus 527 

overtime) and equipment, (2) faster-setting materials, and (3) adoption of methods to expedite 528 

delivery of construction materials.  529 

By having a closer look into the cost-time interdependency under ACMs, an increase in 530 

cost performance change rate under I/D is 1.2% higher than A+B, by holding the schedule change 531 

rate. Even though A+B seems slightly more efficient on the aspect of cost performance, it is 532 

noteworthy that the use of I/D provisions would be recommended to strike a balance between 533 
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STAs and contractors’ interests. STAs would benefit construction time saved by including I/D 534 

provision in an A+B bidding system, while overcoming a key disadvantage of A+B bidding – the 535 

possibility of underestimating construction duration in order to win the bid from a contractor’s 536 

side. Meanwhile, contractors can still benefit from incentive bonuses, despite relatively higher 537 

project bids than A+B without I/D. In turn, main findings of this study will help STAs promote 538 

effective applications of the most widely-used ACMs properly. 539 

 540 

ROBUSTNESS VALIDATION OF ACT2 541 

When establishing a quantitative model, checking the robustness of the model through a validation 542 

study is crucial to ensure that it is repeatable and verifiable. To assure the robustness of ACT2, two 543 

different validation methods were employed: (1) Predicted Error of Square Statistic (PRESS) and 544 

(2) measured-to-predicted paired comparison.  545 

 546 

PRESS: Predicted Error of Square Statistic 547 

The typical means of validation with new validation data often imposes a challenge on researchers, 548 

requiring them to obtain additional secondary data (Choi et al. 2013; Choi et al. 2015). Recognizing 549 

such a potential hardship at the onset of the study, this research was proactively designed to test 550 

the model’s robustness by performing  the PRESS statistic, an effective alternative validation 551 

means that clearly reveals the predictability and reliability of a model (Choi et al. 2013; Choi et al. 552 

2015; Holiday et al. 1995; Ott and Longnecker 2010; Tarpey 2000). In addition, to re-affirm the 553 

reliability and accuracy of the model, the predicted dependent variable means were compared to 554 

holdout data (i.e., measured responses) stored from the original sample datasets, based on paired 555 

difference tests.  556 
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PRESS is the predicted sum of squares, calculated by deleting one observation, fitting the 557 

model, and then predicting the value of the deleted observation using the model (Choi et al. 2013; 558 

Choi et al. 2015). SSE is the sum of residuals from a regression model. When the value of the 559 

PRESS statistic is approximate to that of SSE, it is concluded that the model is robust in predicting 560 

the intended attribute. The PRESS statistic of a regression model can be expressed as follows (Eq. 561 

(8)): 562 

PRESS = ∑ (y𝑖 − ŷ𝑖
∗)2𝑛

𝑖=1                                                             (8) 563 

where  𝑦𝑖 is a prediction for the ith observation in the regression model; and  �̂�𝑖
∗ is a prediction of 564 

a new subset model for the ith observation, which is fitted leaving out the ith observation. The 565 

PRESS validation result revealed that the comparison ratio of the PRESS statistic and SSE was 566 

1.0224 (PRESS/SSE = 2.01506/1.97096), which implies that the ACT2 model is robust in 567 

predicting cost performance change rate and schedule performance for the contracting strategies 568 

examined. 569 

 570 

Paired Difference: Prediction of the ACT2 Model versus Measured Response  571 

A statistical comparison of model prediction with measured responses was constructed to confirm 572 

the validation issue. Two paired datasets were used to consider identical observations of schedule 573 

performance change rate, and the paired difference test was used to compare the dependent 574 

variable (i.e., cost performance change rate). In other words, these represented conditions before 575 

and after applying the ACT2 model. The null hypothesis that the difference between the pairs was 576 

zero was established (Eq. (9)). 577 

y𝑑𝑖 =  y𝑖 −  �̂�𝑖 = 0                                                                (9) 578 
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where y𝑑𝑖  is the sample mean (or median) difference; y𝑖  is a measured response of the ith 579 

observation; and �̂�𝑖 is a prediction of the ith observation.   580 

Hypothesis testing was performed using the student’s t-test and Wilcoxon signed-rank test. 581 

In general, a t-test is used to examine if two sets of data are significantly different from one another 582 

when the datasets are normally distributed. As the result, the t-test produced a p-value of .9985 (t-583 

statistic = -.00185), which provided the significant evidence that there was no difference between 584 

the measured data reserved from the original sample and the prediction.  585 

The Wilcoxon signed-rank test was further conducted to confirm the hypothesis test result; 586 

this is a nonparametric test comparing the rank difference between pairs, specifically comparing 587 

the median difference between pairs that come from the same population and thus are available 588 

and useful, even if the data cannot be assumed to be normally distributed. The result of the signed-589 

rank test (W-statistic = -528) also confirmed that there was insufficient evidence to conclude that 590 

there was difference (p = .8584).  591 

 592 

CONCLUSIONS 593 

Many STAs have adopted ACMs such as I/D and A+B to accelerate construction and rebuild aging 594 

transportation infrastructure. However, little is known about their specific impact on project 595 

performance aspects such as time, cost, and cost-time interdependency. The lack of systematic 596 

studies supported scientifically by logical quantitative measures has hampered efforts to assess the 597 

effectiveness of ACMs. This study addressed this issue by investigating the likely impacts of 598 

ACMs on project performance, based on a large volume of project data and rigorous statistical 599 

testing, modeling, and validation. To this end, this study developed and tested a new decision 600 

support system called ACT2 to capture the effects of ACMs on project time and cost performances.  601 
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Data on a total of 1,372 highway rehabilitation projects completed in California were 602 

gathered and sorted with respect to project type and size. The stratified data were then leveraged 603 

to analyze the current ACM trends, the conclusions from which provided the groundwork for 604 

subsequent hypothesis testing, modeling, and validation studies. The results of the schedule 605 

analysis reveal that I/D was effective at significantly reducing project duration, while pure A+B 606 

led to substantial schedule delays that were worse than what was produced by the conventional 607 

contracting method. Meanwhile, the results of the cost analysis showed that I/D led to the largest 608 

cost growth. It was also seen that projects contracted solely according to A+B underwent levels of 609 

cost growth similar to that of I/D projects, confirming a tradeoff effect between time and cost. 610 

Through second order polynomial regression analyses, the ACT2 model was developed and 611 

validated by the PRESS statistic and paired comparison tests. From a practical standpoint, it can 612 

be used to conduct a cost-time tradeoff analysis when choosing among ACMs, particularly for I/D 613 

and A+B contracting methods.   The ACT2 model clearly yields a cost-time tradeoff effect. More 614 

specifically, the predicted additional cost increase for I/D contracting was 4.20% on average, as 615 

compared to benchmark conventional projects, while A+B had a 3% higher increase than the same.  616 

This study is intended to assist STAs in promoting the more effective application of the 617 

two most widely used ACMs. The outcomes of this study will help STAs make better-informed 618 

decisions when choosing ACMs for early project completion by having advanced understanding 619 

about a balanced and viable tradeoff point between contract time and cost of ACMs. Use of the 620 

model will also facilitate a more realistic allocation of contract time and cost by capturing the 621 

effects of ACMs on contract time and cost performances. 622 

Despite the robust study approach and validated study findings, the following limitations 623 

are acknowledged in terms of endogeneity (Antonakis et al. 2010 and Antonakis 2017), with 624 
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respect to the causal relationships found by this study. First, the effect of omitted selection bias 625 

was not considered in this study by assuming independence among all project data and no bias in 626 

project selection or team selection. Second, the effect of omitted variable bias was not considered 627 

by assuming no hidden cofounding variables that may affect the validity of the study. Therefore, 628 

following Antonakis et al. (2010), future research is suggested to further validate the study findings 629 

by applying a quasi-experimental method as a way to overcome the noted endogeneity issues. 630 
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