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Pipes have been used for thousands of years, the first record of copper piping dates to the Egyptians in 3000 BC. In today's time, pipelines play a dramatic role in our everyday life and is a backbone of our society. Replacing and renewing our vast piping system is extremely important to maintain and grow the infrastructure around us. Trenchless methods (TM) can renew pre-existing piping, replace, and offer installation of new pipe(s). Two very common TMs are cured-in-place piping (CIPP) and spray-applied pipe lining (SAPL). These are great alternatives compared to open cut pipeline installation (OCPI) due to minimizing environmental impact and the total cost associated with renewing or replacing a pipe. Owners and engineers involved in a project which contain pipe renewal and or replacement should consider the time and social cost associated with each method. Cost alone should not be the one and only deciding factor. The objective of this review is to compare and contrast CIPP and SAPL pipeline renewal methods with references found over these renewal methods. This will be demonstrated with the use of a table that will consist of these parameters; environmental, mechanical properties, performance, cost, and methods. The method used for selecting specific articles/papers is intended to locate major factors that play a role in pipeline renewal using publications from the past years. Results show that reviewing, comparing, and understanding current research relating to pipeline renewal will allow for safer applications, increased efficiency, and pipeline longevity.
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INTRODUCTION

Pipelines are a necessity in this day and age and have been for quite some time. Pipes are used for supplying water to our houses, removing sewage, extracting oil and natural gas, and lastly moving gases one location to another. With a vastly expanding world population it is evident that more piping will need to be created and renewed. The majority of preexisting pipes were installed 40–50 years ago and have reached their expected lifetime (CUIRE, 2018).

With this being said the piping industry is not going anywhere and demands are only going to increase. Traditional open cut pipe lining methods negatively impact the environment and is not the most cost-effective renewal method. This is because many tasks go into open cut such as fabrication, heavy duty vehicles for transportation and a lot of manpower, reducing all of these will reduce costs and improve productivity (Figure 1).


[image: Figure 1]
FIGURE 1. Displaying SAPL & CIPP pipe renewal methods. https://www.trenchless-pipelining.com/miami-epoxy-pipe-lining-company/.


Traditionally replacing a pipe, you must dig a trench that is the entire length of the pipe in question. Along with ensuring that the quality and appropriate material(s) are underneath the new pipe and lastly backfilling the entire distance of the proposed pipe. Trenchless technologies are solutions to common problems with OCPI. Open cut pipe renewal incurs high expenses along with contributing higher fossil fuel and CO2 emissions (Ajdari, 2016). Other common difficulties consist of locating and protecting wires and pipes under the surface of densely populated areas. SAPL & CIPP are alternatives that solve this problem by only needed to inspect a much smaller area to accomplish the same goal. Instead of using an entirely brand-new pipe, a lining will be used to patch and repair any damage causing the pipe to malfunction. Pipe linings consist of coatings or integration of resin-saturated liners and are impeded within the pipe (Kharazmi, 2019) (Figure 2).


[image: Figure 2]
FIGURE 2. Machine pipe renewal for SAPL. https://www.estormwater.com/pipe-distribution/pipeline-rehabilitation-products.


Linings increase the structural ability which allows a pipe to handle more stress than before and repairing the previous issues. The materials used in the lining process are critical to analyze to ensure proper mechanical properties are meeting the necessary safety and city requirements. Different styles of pipes work better with specific materials and methods. When working on domestic water piping for plumbing fixtures its important to ensure the proper steps are taken to preserve the health and wellbeings of others (CUIRE, 2018).

Trenchless renewal methods avoid disrupting large sections of neighborhoods and cities and prevent lengthy construction times. In doing so traffic accumulation and social costs are kept to a minimum (Argyrou et al., 2018). This is because only a small portion of the pipe is needing to be accessed in order to repair/renew unlike open cut pipe renewal methods. Trenchless pipe lining renewal methods remove much of the headache associated with restoring the much-needed restoration of underground piping systems across North America (Figure 3).


[image: Figure 3]
FIGURE 3. SAPL method used for large conduits. https://www.vector-construction.com/geospray-pipe-and-culvert-lining.


Trenchless CIPP (Figure 4) process involves a liquid thermoset resin-saturated material that is inserted into the existing pipeline by hydrostatic or air inversion, or by mechanically pulling-in and inflating by air or water (Kozman, 2013). The liner material is cured-in-place using hot water, steam- or light-cured using UV light resulting in the CIPP product (Kozman, 2013; CUIRE, 2018; Kaushal et al., 2019a,b). CIPP method can be used effectively for a wide range of applications that include storm and sanitary sewers, gas pipelines, potable water pipelines, chemical and industrial pipelines, and similar applications. The flexibility of uncured material makes CIPP especially suitable for different types of pipe geometries including straight pipes, pipes with bends, pipes with different cross-sectional geometries, pipes with varying cross sections, pipes with lateral connections, and deformed and misaligned pipelines. the old pipe and the like must be assessed before making a choice on the renewal system (Kozman, 2013; CUIRE, 2018; Kaushal et al., 2019a,b). CIPP is also used for localized repairs in a wide range of applications.


[image: Figure 4]
FIGURE 4. Equipment used during the installation of CIPP. https://www.aegion.com/capabilities/cured-in-place-pipe/insituform-cipp.


Several factors must be evaluated before choosing CIPP as the method of renewal for an individual project. Space availability, chemical composition of the fluid carried by the pipeline, number of service laterals, number of manholes, installation distance, renewal objectives, structural capabilities of vinyl ester and epoxy resin systems are typically used in industrial and pressure pipeline applications, where their tensile properties, special corrosion resistance, solvent resistance, and higher temperature performance are needed (Donaldson and Baker, 2008; Kampbell, 2009; Donaldson, 2012; Heinselman, 2012). These systems can also be used for sanitary sewers and house service laterals, however, will increase the costs (Zhao and Rajani, 2002; Najafi and Gokhale, 2005; Ajdari, 2016; Alsadi, 2019; Kaushal et al., 2019a) (Figure 5).


[image: Figure 5]
FIGURE 5. CIPP before, during, and after installation. https://www.prweb.com/releases/uspipeliningpressrelease/june2016/prweb13466103.htm.


Spray applied pipe linings (SAPLs) are trenchless technology solutions for large diameter gravity stormwater conveyance conduits rehabilitation that prevent further deterioration, such as corrosion, abrasion, etc., and can provide structural support for severely damaged host pipes.

SAPL is applicable for both fully and partially deteriorated culverts in cases of fully or partially structural, and even in non-structural applications. This review, focused on fully structurally application of using SAPL in a fully deteriorated culvert or drainage system. It is a critical point that knows that a fully deteriorated culvert is not a culvert under/before the collapsing time. A fully deteriorated culvert is still under operation without any sign of structurally or geotechnically problems. If any structurally or geotechnically issues, such as settlement in the road, large deformation of the crown, etc., appeared in culvert periodic investigations, more research must be done prior to select SAPL (Figure 6).


[image: Figure 6]
FIGURE 6. Diagram showing the process related to our methodology within this paper.


The purpose of this paper is to provide a table differentiating aspects related to CIPP & SAPL covered in various recent publications over these methods. The table created can be used as a guide to locate specific details pertaining to these renewal methods such as environmental impact, dollar cost, means and methods, materials, and mechanical properties. The methodology behind picking these topics were to find and assess the key aspects of pipe renewal as a whole.



SPRAY-APPLIED PIPE LINING

Spray applied linings are installed by applying polymeric and cementitious materials on the interior surface of a pipe. The previous mentioned materials can be applied by humans, or pre-programmed technologies depending on the pipe's diameter. Characteristics such as type, and size of a pipe will depict the material and amount being used in the renewal process. For the time being, there is not a standard when approaching SAPL, and the use of soil box testing is approaching the correction (CUIRE, 2018).

The research behind soil box testing is an important component of SAPL and TT to ensure the safety and structurally capabilities after renewal methods have been performed. It provides assurance that after renewal has been completed, there will be less probability of any issues within the short-term period after installation, along with providing an accurate life cycle of the materials used.

When sprayed applied liners are chosen to restore piping related to water functionalities, there is a concern involving human health. Issues may arise if the proper steps are not taken into consideration to prevent problems. As a result, this can negatively impact water sources by having unwanted particles in the supply. In addition, reactions can occur between renewal materials and elements prevalent in the renewed pipe (Donaldson and Whelton, 2012).

On the flip side different material mixtures can be paired together to become insensitive when encountering high moisture areas if properly executed. Polyurea linings can offer quick curing times in only a couple seconds which will rapidly increase productivity in field applications. A downside associated with Polyurea is there are difficulties with repairs and touch ups (O'Donoghue and Datta, 2013). Thickness of applied liners are essential in maintaining a sufficient and safe bonding. The amount used is related to the state the pipe is in.

Typically, a pipe's condition can fall under two categories, partially deteriorated, and completely deteriorated. Based on what category the pipe falls under will determine how much material will be applied (Korky et al., 2022). There is an abundant number of parameters surrounding pipe renewal methods with each offering a great insight into the world of pipe rehabilitation.

By overviewing and understanding the important components going into trenchless technologies, we can learn from previous mistakes. This will allow the pipelining industry to pave the way for upholding ethical and environment friendly materials and methodologies. SAPL is an ideal alternative to open cut and when proper precautions are taken it is an obsolete tool in the toolbox.



CURED-IN-PLACE PIPELINE

The invention of CIPP occurred in 1971 and was implemented in foreign countries during the 1970' for commercial and residential applications. CIPP is one of the most widely used pipe renewal methods and applications include water, gas, sewer, and even chemical pipelines. Resin lined fabric tubes typically made from polyester or fiberglass-reinforced is placed inside an existing pipe (Serajiantehrani, 2019).

Methods and materials correlated to cured in place renewal have drastically improved over time. In addition, tracking and calculating potential adverse effects of installation are and have been gaining traction. This has been made possible through extensive research and testing with procedures such as TRACI. TRACI is a tool for reduction and assessment of chemicals and other environmental impacts. A few categories tracked by this tool are ozone depletion, global warming, and smog (Kaushal and Najafi, 2020).

By understanding and evaluating possible installation repercussions knowledge can be gained and preventative measures can be taken. This will allow for innovation and continued research to further improve an already outstanding pipe renewal method (CIPP) restores pipes usually within the 0.10–2.80 meters (2–110 inches) range (Mitchell, 2020). Pipe rehab can often be challenging due to abnormal pipe configurations and site conditions. Providing technologies that are able to condense and demonstrate pipe renewal scenarios will allow for accurate steps to be taken before using the (CIPP) method (Matthews, 2013).

Based on testing for CIPP the standard life expectancy is estimated to be 50 years, and, in some cases, it surpasses it. Being able to have an accurate approximation for the design life of materials making up liners will allow maintenance and future renewal to be predictable (Ji et al., 2018).

The objective of this paper is to provide information pertaining to (CIPP) & (SAPL) which will be presented in the format of a table. The table will contain key aspects correlated to the previous mentioned pipelining renewal methods. Parameters will be set in place and were chosen for the reason being they are driving factors that influence the decision-making process. This can be used as a navigation tool to find details quickly across numerous references.



METHODOLOGY

The articles used within this paper discuss critical focal points directly associated with the pipeline renewal methods SAPL & CIPP. Articles were found by using Google Scholar and selection was based on relevant and up to date findings. The goal is to provide accurate research and reviews to maintain a high level of credibility.

The method used to assess and compare SAPL & CIPP will be prepared in a table to clearly observe the main talking points within the articles listed. The beginning phases consisted of choosing topics of discussion and after examination SAPL & CIPP became the central focus of this paper. The next step was to locate and review serval papers and publications along with narrowing down the number of parameters. Once articles were reviewed the primary elements were summarized and appropriately characterized. This was done for the purpose of organization and acting as an apparatus for designated references.

Constructing the table accompanied by formatting this paper was one of the last steps, using the parameters previously selected became the constraints within the table. The finalized parameters used in the table are deemed as the major influences that affect the decision-making process for pipeline renewal. Every (x) within the table represents a parameter discussed within the specific article noted on the left-hand side. The paper was structured with the intention of clearly expressing the properties and background correlated to SAPL and CIPP. After months of research, we concluded that providing a comprehensive review would become our contribution and purpose of this paper.

Table 1 shows the parameters along with the symbols correlated with them.


Table 1. Symbols of the parameters used in Table 2.

[image: Table 1]



COMPARATIVE REVIEW OF SAPL AND CIPP

Table 2 has SAPL & CIPP being the main focus of the comparative review with a deep dive into the parameters below. This review offered great insight into various avenues across spray applied and cured in place pipelining renewal methods (Table 2).


Table 2. Comparative review table.

[image: Table 2]

This was accomplished by finding similarities and differences along with the pros and cons within each parameter. The articles used within Table 2, discuss multiple talking points, a X will signify that it was a key component in the article listed. Reviewing and comparing is a beneficial tool in order to understand and seeing various points of view which in turn can help formulate an opinion or finalizing a decision.



CONCLUSIONS

Linings increase the structural ability which allows a pipe to handle more stress than before and repairing the previous issues. The materials used in the lining process are critical to analyze to ensure proper mechanical properties are meeting the necessary safety and city requirements. Different styles of pipes work better with specific materials and methods. Project owners, decision makers, and contractors commonly take into consideration the construction costs only, and sometimes overlook the environmental and social cost aspects while making a choice between different trenchless renewal methods. Spray applied and cured in place renewal methods are a staple within the renewal pipe lining industry and will continue to be so. By diving deep into the vast realm of pipe renewal methods it was decided to create a comparative review which can be a useful tool in navigating dominant characteristics of SAPL & CIPP.

The table developed in this paper helps highlight major talking points within various articles on SAPL & CIPP from various authors and publishers. The information presented within this review shows that by understanding and improving the current standards for SAPL & CIPP that human health, environmental impact, infrastructure, and cost will be of great value to everyone. Reviewing, comparing, and understanding current research relating to pipeline renewal will allow for safer applications, increased efficiency, and pipeline longevity. By doing so we can reach beyond the current scope and ideals recognized by the vast majority of the pipe rehabilitation industry and continue to improve the quality of life for generations to come.



RECOMMENDATIONS FOR FUTURE RESEARCH

Further comparisons can offer great insight and details over topics surrounding pipeline renewal methods. Two directions could be narrowing down to one method and or evaluating a smaller or larger number of parameters. Another option could be reviewing more methods across a larger number of constraints for a broader overview. Constructing a number of various comparative analyses will provide a great resource to locate various topics of interest within the scope of pipe rehabilitation. In doing so it will act as a central hub of information and will help aid anyone starting out or continuing their research in this field.
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