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ABSTRACT 
 
 
Many utilities are seeking emerging and innovative rehabilitation technologies to extend the service life 
of their infrastructure systems.  However, information on new technologies is not always readily available 
and not easy to obtain.  To help to provide this information, the U.S. Environmental Protection Agency 
(EPA) developed an innovative technology demonstration program to evaluate technologies that have the 
potential to reduce costs and increase the effectiveness of the operation, maintenance, and renewal of 
aging water distribution and wastewater collection systems.  The intent of this program is to make the 
technologies’ capabilities better known to the water and wastewater industries.  
 
This report describes the performance evaluation of a fiber reinforced geopolymer spray-applied mortar, 
which has potential as a structural alternative to traditional open cut techniques used in large-diameter 
sewer pipes.  Geopolymer is a sustainable green material that incorporates recycled industrial byproducts 
and has been shown to have improved chemical and physical properties compared with ordinary portland 
cement (OPC).  GeoSprayTM, produced by Milliken Infrastructure Solution, LLC (Milliken), was used to 
rehabilitate a 60-in. reinforced concrete pipe (RCP) sewer main in Houston, Texas.  The 25-ft depth of the 
pipe and other site-specific conditions precluded open cut excavation and the need for a shortened bypass 
time contributed to the selection of the GeoSprayTM technology.  The project was completed in a two-
week timeframe including four spraying passes on 160 ft of 60-in. RCP.  The host pipe was severely 
deteriorated with corroded and exposed steel reinforcements and several locations of heavy water 
infiltration, which led to the product being manually spray applied by hand rather than using a sled.  
 
The material was successfully installed in a severely deteriorated pipe environment.  The post-lining 
inspection via closed-circuit television  (CCTV) showed the rehabilitated pipe to be infiltration free, with 
no signs of exposed rebar or cracking, and no significant defects were noted in the GeoSprayTM lining the 
day after application.  A lining thickness of approximately 3.3 in. was sprayed in the pipe, which is more 
than the design minimum value of 1.9 in.  The third-party test results for compressive strength averaged 
8,635 pounds per square inch (psi) at 28 days, which is above the manufacturer stated claim of 8,000 psi 
at 28 days.  However, the samples collected by the research team tested under the manufacturer-stated 
claims (e.g., measured at 7,881 psi or 1.5% below specification for compressive strength).  Based on the 
lower density of the mixture, it is hypothesized that the lower values in these samples were attributable to 
light rain experienced during sample collection.  However, it is assumed that the rain had no impact on 
the material sprayed in the pipe as the mixer was covered during the installation.  Overall, it is 
recommended that sampling and testing procedures be further examined to ensure that the quality control 
(QC) samples are indicative of the final material properties as installed in the field.  Recommendations 
are made related to measuring the “as installed” lining thickness, bond strength testing, and the use of 
shaker tables to minimize voids.  
 
For structurally rehabilitating a 60-in. pipe via geopolymer spray-applied lining, the costs would range 
from $400 to $600 per linear foot (for projects of similar complexity and including bypass pumping).  
The project resulted in an estimated carbon footprint of 24.10 short tons (48,200 lb) of carbon dioxide 
(CO2) equivalents, which was gauged to be 60% less than an equivalent excavation project (if feasible).  
In addition, CO2 equivalent emissions from the manufacture of geopolymers have been shown in the 
literature to be as much as 65% to 90% less than emissions for OPC. 
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EXECUTIVE SUMMARY  
 
 
Introduction 
 
Many utilities are seeking emerging and innovative rehabilitation technologies to extend the service life 
of their infrastructure systems.  However, information on new technologies is not always readily available 
and not easy to obtain.  To help to provide this information, the U.S. Environmental Protection Agency 
(EPA) developed an innovative technology demonstration program to evaluate technologies that have the 
potential to reduce costs and increase the effectiveness of the operation, maintenance, and renewal of 
aging water distribution and wastewater collection systems.  The intent of the program is to make the 
technologies’ capabilities better known to the water and wastewater industries.  The specific technology 
metrics evaluated under this program include technology maturity, feasibility, complexity, performance, 
cost, and environmental impact.  This report describes the performance evaluation of the Milliken 
Infrastructure Solutions, LLC (Milliken) GeoSprayTM fiber reinforced geopolymer spray-applied mortar 
product that was used to rehabilitate a sewer main in Houston, Texas. 
 
Demonstration Approach 
 
The demonstration of innovative technologies requires clear and repeatable testing criteria if the 
technologies are to be understood and accepted.  As summarized in this report, a protocol was developed 
to provide a consistent approach and a guide for conducting field demonstrations in a manner that 
encourages acceptance of the outcomes and results by wastewater utilities.  The demonstration protocol 
addressed issues involved in gaining the approval for the use of innovative technologies by:  
 

• Providing for independent verification of the claims of technology developers. 

• Sharing information about new technologies among peer user groups. 

• Supporting utilities and technology developers in bringing new products to a geographically and 
organizationally diverse market. 

 
Several innovative technologies were identified that have the potential to be demonstrated and that would 
provide a benefit to advance the state-of-the-technology.  The majority of sewer rehabilitation tends to use 
cured-in-place pipe (CIPP), but new innovations are continually entering the market.  The Battelle team 
received an agreement from Milliken, which developed GeoSpray™, to participate in the EPA 
Demonstration Program.  
 
Cementitious linings can be applied to gravity sewers, but the corrosive environment makes the 
application of ordinary portland cement (OPC) and concrete prone to deterioration.  To combat the 
corrosive environment, innovative geopolymer materials have been developed to provide higher material 
strength and to increase corrosion resistance compared to conventional OPC based mortars.  GeoSpray™ 
is composed of a proprietary micro-fiber reinforced, dense geopolymer mortar that can be spray applied. 
It cures quickly providing a shortened bypass time, which allows the pipe to be re-established more 
rapidly than OPC based mortars.  
 
GeoSpray™ is designed for use in storm and sanitary sewer pipe rehabilitation applications in diameter 
ranges of 30 to 200 in. (750 to 5,000 mm).  The renewal length will vary depending on the pipe diameter 
and required thickness and is typically ranges from 100 to 300 ft (30 to 100 m) per day for a 1.5-in. (38 
mm) thick lining.  Bends of any degree are feasible, but straight runs are preferred.  Laterals are plugged 
prior to lining and do not require reconnection, only the removal of the plugs.  The lining is typically 
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sprayed at a minimum thickness of 1.5 in. (38 mm) for structural repairs or 0.5 in. (12.5 mm) for 
corrosion protection.  The work time is 60 to 90 minutes at 80°F (27°C).  
 
Geopolymer Demonstration 
 
Field demonstration of GeoSprayTM for the rehabilitation of a 60-in. was conducted on a 160 ft long, 60-
in. reinforced concrete pipe (RCP) in Houston, Texas in April-May, 2013.  For this project, the 25-ft 
depth of the pipe and other site-specific conditions precluded open cut excavation and the need for a 
shortened bypass time contributed to the selection of the GeoSprayTM technology.  To successfully 
execute the planned demonstration, site preparation activities that were required included: installation of 
the temporary bypass system; closed-circuit television (CCTV) inspection and cleaning of the pipe; and 
repair of infiltration prior to lining.  The GeoSprayTM was manually applied at this site because of the 
severe deterioration of the host pipe, which caused high levels of water infiltration.  When a pipe wall is 
compromised and infiltration is heavy, manual spraying provides the advantage of being able to address 
serious infiltration locations by hand-applying a thicker liner in a single pass.  The material was 
successfully installed in a severely deteriorated pipe environment.  The entire project was conducted over 
a period of 11 days and a total thickness of approximately 3.3 in. of the GeoSprayTM material was applied 
over four spraying days.  The post-lining inspection via CCTV showed the rehabilitated pipe to be 
infiltration free and no significant defects were noted in the GeoSprayTM lining the day after application. 
 
Demonstration Results 
 
While the spray lining process is classified as conventional, the GeoSprayTM lining product is classified as 
innovative in terms of maturity based on its formulation (i.e., geopolymer) and usage.  The outcome of 
the technology evaluation is described in the technology evaluation metrics listed below: 
 

Technology Maturity Metrics 
• Innovative material installed using a conventional methodology. 
• Corrosive resistance was not validated, but geopolymer is a proven improvement over OPC. 
• Some third-party data are available, but long-term testing is needed. 

 
Technology Feasibility Metrics 
• Project met the owner’s expectations and requirements. 

• The material was successfully installed in a severely deteriorated pipe environment. 

• Because of the severe deterioration of the host pipe and high levels of water infiltration, the lining 
was manually spray-applied by hand versus application via a spray sled. 

 
Technology Complexity Metrics 
• Beneficial for wastewater utilities with deteriorating large-diameter mains in corrosive 

environments. 

• Requires trained professionals, but the lining process is not complex; therefore, contractors or 
utility personnel could be trained to install this product.   

• The project spanned a total of 11 working days, including unanticipated delays in setup of the 
host pipe by the wastewater treatment plant (WWTP) due to flows entering into the manhole at 
the WWTP that initially could not be shut off. 
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      Technology Performance Metrics 
• The post-lining inspection via CCTV showed the rehabilitated pipe to be infiltration free, with no 

signs of exposed rebar or cracking, and no significant defects were noted in the GeoSprayTM 
lining the day after application.   

• Calculations based on the amount of material sprayed each day and length of coverage showed 
that the spray-applied thickness was approximately 3.3 in., which was more than the design 
minimum value of 1.9 in. 

• Third-party test results for all four days of spraying showed that the quality control (QC) samples 
met design specifications.  The compressive strength at 28 days averaged 8,635 psi compared to 
the manufacturer’s design specification of 8,000 psi. 

• Mechanical testing by the research team indicated that the QC samples were lower than the 
manufacturer claims of performance.  For example, the compressive strength at 28 days was 
measured at 7,881 psi (or 1.5% lower than the manufacturer's specification).  Based upon the 
lower than expected density of the mixture (by 3.6%), it is hypothesized that the lower values in 
these samples were attributable to light rain experienced during sample collection.  However, it is 
assumed that the rain had no impact on the material sprayed in the pipe as the mixer was covered 
during the installation. 

• Because of the manual application of the GeoSprayTM material, not all of the typical QC 
parameters could be collected on a continuous basis associated with the sled application. 
However, the slump test results were consistent for each day of spraying, which suggests that a 
uniform water/cement ratio was achieved.  
 

 Technology Cost Metrics 
• The costs associated with projects similar to this range from $400 to $600 per linear foot.   
 
Technology Environmental and Social Metrics 
• Social disruption was minimal since traffic was only affected at one manhole and drivers were 

able to access their homes throughout the project. 

• An estimated 24.10 short tons (48,200 lb) of CO2 equivalents were emitted from on-site 
operations.  A similar open cut project, although impractical due to the site conditions, would 
emit 120,000+ lb of CO2 equivalents. 

• CO2 equivalent emissions from the manufacture of geopolymers have been shown in the literature 
to be as much as 65% to 90% less than emissions for OPC. 

 
Conclusions and Recommendations 
 
An innovative, spray-applied, fiber-reinforced geopolymer mortar was used to rehabilitate a 60-in. RCP 
sewer main in Houston, Texas.  The 160-ft long and 25-ft deep host pipe was severely deteriorated with 
exposed and missing steel reinforcements and several locations of heavy water infiltration.  The material 
was successfully installed in a severely deteriorated pipe environment.  The site conditions required the 
lining to be spray applied by hand rather than using a sled.   
 
Overall, it is recommended that sampling and testing procedures be further examined to ensure that the 
QC samples are indicative of the final material properties as installed in the field.  Recommendations are 
made related to measuring the "as installed" lining thickness, bond strength testing, and the use of shaker 
tables to minimize voids.   
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Section 1.0:  INTRODUCTION 
 
 
1.1 Project Background 
 
Many utilities are seeking emerging and innovative rehabilitation technologies to extend the service life 
of their infrastructure systems.  However, information on new technologies is not always readily available 
and easy to obtain.  To help to provide this information, research is being conducted as part of the U.S. 
Environmental Protection Agency’s (EPA’s) Aging Water Infrastructure Research Program to evaluate 
promising innovative technologies that can reduce costs and improve the effectiveness of the operation, 
maintenance, and renewal of aging drinking water distribution and wastewater collection systems.  This 
research includes field demonstration studies of emerging and innovative rehabilitation technologies, 
which is intended to make the capability of these technologies better known to the water and wastewater 
industries, allowing their applications to be promoted in the U.S.  The specific technology metrics 
evaluated under this program include technology maturity, feasibility, complexity, performance, cost, and 
environmental impact.   
 
Several emerging and innovative technologies were identified based upon industry experience and 
extensive state-of-technology (SOT) reports (EPA, 2010a; 2010b; 2013).  It has been found that well 
documented and publicized demonstration projects can play an important role in accelerating the 
development, evaluation, and acceptance of new technologies.  A successful demonstration project 
provides substantial value to utilities, manufacturers, technology developers, consultants, service 
providers, and contractors.  The benefits of a technology demonstration program to these various groups 
are summarized below:  
 
 Benefits to Utilities 

• Reduced risk of experimenting with new technologies and new materials on their own 
• Increased awareness of innovative and emerging technologies and their capabilities 
• Assistance in setting up strategic and tactical rehabilitation plans 
• Understanding of technology environmental impact and social cost 
• Identification of design and quality assurance/quality control (QA/QC) issues 

 
 Benefits to Manufacturers/Technology Developers 

• Opportunity to advance technology development and commercialization 
• Opportunity to accelerate the adoption of new technologies in the U.S. 
• Opportunity to better understand the needs of utilities 

 
 Benefits to Consultants and Service Providers 

• Opportunity to compare performance and cost of similar products in a consistent manner 
• Access to standards and specifications for new technologies 
• Education of best practices on pre- and post-installation procedures and testing 

 
 Benefits to Contractors 

• Identification of successfully implemented QA/QC protocols 
• Identification of successfully implemented installation procedures including surface preparations 
• Understanding of regulations related to the use of new renewal technologies 

 
This report provides an assessment of the effectiveness, expected range of applications, and cost of the 
demonstrated technology to assist utilities in better decision-making on whether rehabilitation or 
replacement is more cost-effective and in selecting rehabilitation technologies for use.  The field 
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demonstration described in this report resulted in the successful installation of a fiber reinforced 
geopolymer spray-applied mortar on 160 ft of a 60-in. reinforced concrete pipe (RCP) wastewater 
collection main in Houston, Texas.  Geopolymer is a cementitious material formed by alkali activation of 
aluminosilicate powder (e.g., typically materials with high percentages of silica and alumina), which does 
not require the presence of ordinary portland cement (OPC) (Vaidya and Allouche, 2011).  Geopolymers 
have been shown to have improved chemical and physical properties compared to OPC such as increased 
corrosion resistance and high compressive strength (Kupwade-Patil and Allouche, 2013).  Geopolymers 
are also sustainable green materials that incorporate up to 50% of the raw material as recycled industrial 
byproducts (e.g., fly ash) and provide an environmental benefit through a reduced carbon footprint 
compared to OPC.  Davidovits (2011) reported that approximately 60% less energy is required to produce 
a standard geopolymer as compared to Portland cement, and 80-90% less CO2 is emitted. 
 
The activities involved with spray-applied mortar installation, which included pre-installation activities 
such as bypass construction; pipe wall cleaning and preparation; installation activities; and post-
installation activities such as visual inspection and laboratory testing are presented in this report.  This 
report conducts a full product evaluation based on the field demonstration results. 
 
1.2 Project Objectives 
 
The project objectives are to: 
  

• Evaluate, under field conditions, the performance and cost of an innovative, fiber reinforced 
geopolymer spray-applied mortar used to rehabilitate a 60-in. RCP wastewater collection main in 
Houston, Texas.  

• Document the results of the demonstration and provide recommendations related to product 
installation and QA/QC measures.  

 
This research was conducted for the EPA National Risk Management Research Laboratory (NRMRL) 
under Task Order (TO) No. 01 titled Field Demonstration and Retrospective Evaluation of Rehabilitation 
Technologies for Wastewater Collection and Water Distribution Systems of the Scientific, Technical, 
Research, Engineering, and Modeling Support II (STREAMS II) Contract No. EP-C-11-038.  The report 
describes data collection, analyses, and project documentation in accordance with EPA NRMRL’s 
Quality Assurance Project Plan (QAPP) Requirements for Applied Research Projects (EPA, 2008) and 
the project-specific QAPP (Battelle, 2012). 
 
1.3 Report Outline  
 
The report is organized into the following sections:  
 

• Section 2.0 Demonstration Approach. Discussion of the demonstration program approach 
including an overview of the innovative rehabilitation technology.  

• Section 3.0 Geopolymer Demonstration. Documentation of the field demonstration including 
site preparation, pipe cleaning, QA/QC procedures, sample collection, and site restoration.  

• Section 4.0 Demonstration Results. Discussion of the demonstration results and assessment of 
the technology based on comparison with the outlined evaluation metrics.  

• Section 5.0 Conclusions and Recommendations. Summary of the demonstration including 
effectiveness of the demonstrated technology and recommendations for areas needing further 
examination.
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Section 2.0:  DEMONSTRATION APPROACH 
 
 
This section outlines the overall approach to the field demonstration and provides an overview of the 
innovative rehabilitation technology and site selection for this task. 
 
2.1 General Approach 
 
The demonstration of innovative technologies requires clear and repeatable testing criteria if the 
technologies are to be understood and accepted.  A protocol was developed to provide a consistent 
approach and a guide for conducting field demonstrations in a manner that encourages acceptance of the 
outcomes and results by wastewater utilities (as summarized in Table 2-1 and Section 4).  The 
demonstration protocol addressed issues involved in gaining the approval for the use of innovative 
technologies by:  
 

• Providing for independent verification of the claims of technology developers; 

• Sharing information about new technologies among peer user groups; and 

• Supporting utilities and technology developers in bringing new products to a geographically and 
organizationally diverse market. 

 
A QAPP was developed, which outlined the approach to plan, coordinate, and execute the field 
demonstration protocol with the specific objectives of evaluating, under field conditions, the performance 
and cost of an innovative, fiber reinforced geopolymer spray-applied mortar for wastewater main 
rehabilitation.  
 
The QAPP described the overall objectives and approach to the EPA’s field demonstration program, the 
technology and site selection factors considered, and the features, capabilities, and limitations of the 
selected technology, which are summarized below (Battelle, 2012).  The demonstration protocol was 
executed by completing the following steps: 
 

• Prepared and obtained EPA approval for the QAPP; 

• Gathered relevant data for demonstration opportunities meeting the selection criteria; 

• Secured a commitment from the technology developer and contractor to use one of their projects 
as the demonstration study; 

• Documented and conducted the field demonstration as outlined in the demonstration protocol; 

• Processed and analyzed the results of the field demonstration; and  

• Prepared a report and peer reviewed article summarizing the results.  

 
This demonstration report not only records the use of the fiber reinforced geopolymer spray-applied 
mortar technology, but also provides a documented case study of the technology selection process, 
design, QA/QC procedures, and the preparation for life-cycle management of the asset.  In performing the 
field demonstration, the technical and QA/QC procedures specified in the QAPP were followed unless 
otherwise stated.  Special aspects of the EPA demonstration program which were aimed at adding value 
to the wastewater rehabilitation industry are described below. 
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• Consistent Design Methodology.  An important role of this task is to identify design parameters 
and specifications for the selected technologies and to document the application of a consistent 
design methodology based on the vendor recommendations or industry defined standards. 

• QA/QC Procedures.  The success of a rehabilitation project depends largely on proper 
installation controls and post-installation inspection and assessment.  The level of qualification 
testing and QA requirements typically vary by technology without a clear quality standard.  This 
task provided an opportunity to examine current QA practices and identify areas for 
improvement.  For technologies lacking an industry quality standard, QA/QC procedures 
recommended by the vendor and utility should be reviewed and adopted (as appropriate). 

• Technology Range of Applications.  The demonstration provides an assessment of the short-
term effectiveness and cost of the selected technologies in comparison with the respective vendor 
specifications and identifies conditions under which each technology can be best applied.  This 
effort also provides suggestions on necessary improvements for the technology itself, the 
installation procedures, and QA/QC procedures.  Several metrics are identified that can be used to 
evaluate and document rehabilitation technology application, performance, and cost, which are 
summarized in Table 2-1. 

• Life-Cycle Performance.  Long-term performance data for rehabilitation systems is needed.  
These data will enable decision makers to make better cost-benefit decisions.  This report will 
assist utilities in developing life-cycle plans for the ongoing evaluation of rehabilitation 
technology performance by collecting baseline data to enable comparative evaluation of the 
systems’ deterioration during subsequent retrospective investigations. 
 

Table 2-1.  Framework of Technology Metrics to be Evaluated 
Technology Maturity Metrics 

• 
• 
• 

Maturity is innovative (recently commercialized), emerging (not widely used in the U.S.), or conventional. 
Availability of supporting performance data and patent citation (if applicable). 
Comments and feedback from utility owners and consultants with experience from previous pilot studies. 

Technology Feasibility Metrics 
• 
• 
• 

Applicability of the technology in meeting the rehabilitation requirements. 
Suitability of the technology to the operating conditions of the host pipe. 
Consideration of failure modes and documentation of design procedures. 

Technology Complexity Metrics 
• 
• 
• 
• 
• 

Adaptability to and widespread benefit for small- to medium-sized utilities. 
Level of training required, pre- and post-installation requirements, and maintenance requirements.   
Time and labor requirements for the overall rehabilitation project. 
Evaluation of the installation process, procedures, and problems encountered. 
Documentation of the efficiency of the reinstatement of laterals, etc. 

Technology Performance Metrics 
• 
• 
• 

Evaluation of manufacturer-stated performance versus actual performance.   
Expected visual appearance and geometric uniformity after installation. 
Ability to achieve design specifications. 

Technology Cost Metrics 
• 

• 

Document costs including design, capital, operation and maintenance, traffic and surface footprint, and 
calculate a unit cost. 
Estimate an average level of social disruption (although social cost calculation is beyond the project scope). 

Technology Environmental and Social Metrics 
• 
• 
• 

Assess utilization of chemicals or waste byproducts that have an unintended impact on the environment. 
Assess quantity of waste byproducts produced (e.g., wastewater volume, soil requiring off-site disposal). 
Evaluate the overall “carbon footprint” of the technology compared to open cut.  
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2.2 Technology Selection Approach 
 
The Battelle team identified several innovative technologies in the SOT reports that have the potential to 
be demonstrated and that would provide a benefit to advance the state of the technology (EPA, 2010a; 
2010b; 2013).  As new innovations are continually coming to market, this SOT information will be 
supplemented during Task 1 to include emerging technologies of interest (such as the technologies 
summarized in Table 2-2). 
 
 

Table 2-2.  Selected Innovative Rehabilitation Technologies 
Technology 

Technology Description 
Rationale for 

(Vendor) Demonstration 
Wastewater Rehabilitation 

3S Panels 
(National Liner) 
 

Composite pipe consists of 3S 
segmental panels, host pipe, and 
3S grout.  Panels are made of 
transparent polyvinyl chloride, 
allowing visual confirmation of 
uniform grouting. 

Circular or noncircular; visual 
confirmation of uniform 
grouting; used where bypassing 
is not feasible, large diameter. 

GeoSpray™ 
(Milliken) 
 

Fiber reinforced geopolymer 
mortar designed for spray 
applications.  Designed to adhere 
to the surface to build thickness. 

Fast return to service; high 
durability; near-zero porosity; 
high resistance to acid; green 
material. 

Water Main Rehabilitation 
Melt-in-place pipe 
(Aqualiner) 
 

Thin thermoplastic polymer 
composite liner for 6 in. to 12 in. 
diameters.  Glass fiber reinforced 
polypropylene and a woven tube. 
Heated with a pig that melts the 
thermoplastic.  

Performs as a Class IV liner 
capable of independently 
handling internal pressure and 
external loads. 

Automate Leak Repair 
(Curapipe) 
 

Pig train contains curing 
substances under pressure that 
plug leaks as the pigs travel 
down the main.  The substances 
harden to plug leaks. 

Innovative technique for leak 
repair; can be deployed through 
hydrants. 

PipeArmor High build polyurea lining Can be applied to a Class IV 
(Quest Inspar) material that can be spray 

applied.  Fast curing can 
potentially allow for fast return 
to service. 

lining level capable of 
independently handling internal 
pressure and external loads. 

 
 
The technology selection criteria identified by the project team follow the general guidelines below:   
 

• Maturity.  Novel and emerging technologies that are commercially available are desired.  
Technologies should be truly novel and more than an incremental improvement over conventional 
methods (EPA, 2009). 

• Feasibility.  The potential of the proposed technology as a compliance strategy for the site-
specific conditions should be identified.  The nature of the problem faced in the pipe will 
ultimately drive technology selection. 
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• Complexity.  Technology adaptability to and widespread benefit for small- to medium-sized 
utilities is desired (EPA, 2009).  The complexity refers to the level of training required for the 
installer, pre- and post-installation requirements, and maintenance requirements. 

• Performance.  This criterion is evaluated based on the capabilities and limitations of the 
technology and investigation of potential advances over existing and competing technologies.  
Vendor performance claims will be compared to actual performance in the field. 

• Cost.  Cost of installation (direct cost) and cost for periodic inspection and cleaning (indirect 
cost) are critical factors.  The typical installation cost on a per-unit basis will be provided.  
Warranties or guarantees on performance should be provided. 

• Environmental.  Technologies may use chemicals or produce waste byproducts that have an 
unintended impact on the environment or water quality.  Technologies that reduce the overall 
carbon footprint of the project compared to open cut are desired (EPA, 2009). 

 
2.2.1 Overview of Innovative Sewer Main Rehabilitation.  Through the course of previous EPA 
research efforts, it was recognized that many wastewater utilities in the U.S. utilize trenchless 
rehabilitation technologies (EPA, 2009).  However, the majority tends to use cured-in-place pipe (CIPP) 
and as additional innovative technologies come to the market demonstration of their capabilities is 
needed.  The Battelle team received an agreement from GeoTree Technologies and its parent company 
Milliken, which developed GeoSpray™ (see Table 2-2), to participate in the EPA Demonstration 
Program.  This rehabilitation technology, which is designed for gravity sanitary and storm sewers, is 
described in detail below. 
 
2.2.2 Overview of Fiber Reinforced Geopolymer Spray-Applied Mortar.  The use of 
cementitious geopolymer spray-applied mortar has shown potential as a cost-effective means of 
rehabilitation for gravity sewers.  Cementitious linings can be applied to gravity sewers, but the corrosive 
environment makes the application of OPC and concrete prone to deterioration (EPA, 2010b).  To combat 
the corrosive environment, innovative geopolymer materials have been developed to provide higher 
material strength and to increase corrosion resistance compared to conventional OPC based mortars.  
Geopolymer is a term originally coined by Davidovits (1991) to describe a class of cement formed from 
aluminosilicates.  While traditional OPC relies on the hydration of calcium silicates, geopolymers form by 
the condensation of aluminosilicates.  The kinetics and thermodynamics of geopolymer networks are 
driven by covalent bond formation between tetravalent silicon and trivalent aluminum.  The molar ratio of 
these key components along with sodium, potassium, and calcium have been shown to affect set time, 
compressive strength, bond strength, shrinkage, and other desired properties. 
 
Milliken’s GeoSpray™ material is composed of a proprietary micro-fiber reinforced, dense geopolymer 
mortar that can be spray-applied.  As shown in Table 2-3, the GeoSprayTM product consists primarily of 
fly ash, sand, aggregate, silica, some OPC, and unspecified proprietary ingredients.  GeoSpray™ forms a 
crystalline structural solution for a high resistance to acids and greater surface durability.  Figure 2-1 is a 
schematic of the GeoSprayTM process, which requires the use of a hopper, high shear mixer, pump, and 
application unit.  The hopper feeds the material to the high shear mixer where water is added to obtain the 
appropriate water to cement ratio before the freshly mixed product is pumped to the pipe via a black 
pressure hose.  Once applied, the GeoSprayTM cures quickly providing a shortened bypass time, which 
allows the pipe to be re-established more rapidly than with conventional OPC based mortars.  It is 
resistant to environmental factors such as heat and cold through batch temperature control.  It can adhere 
to both organic and inorganic materials (e.g., properly prepared cement and brick surfaces) and can be 
used for filling voids and patching. 
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Figure 2-1.  Schematic of GeoSprayTM Process 

 

Table 2-3.  Chemical Ingredients of GeoSpray™ Material 

Chemical Entity/Ingredient CAS No. 
Crushed stone or gravel N/A 
Sand N/A 
OPC 65997-15-1 
Proprietary ingredients N/A 
Fly ash N/A 
Crystalline silica 14808-60-7 

 
 
Milliken’s GeoSpray™ is a dark gray mortar that has a dry unit weight of 127.7 pounds per cubic foot 
(pcf) and a wet unit weight of 139.3 pcf.  The largest particle size is 0.3 mm.  A 100-lb bag is added with 
18 lb of water, which yields 0.86 ft3 of as spray applied: 
 

• 6.88 ft2 at a thickness of 1.5 in. 
• 10.32 ft2 at a thickness of 1 in. 
• 20.64 ft2 at a thickness of 0.5 in.   

 
Physical properties for GeoSpray™ are shown in Table 2-4 (Milliken, 2013b).   
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Table 2-4.  Material Properties of GeoSpray™ 

Property Standard Duration Value 

Compressive Strength ASTM C39/C109 1 Day 
28 Days 

2,500 psi 
8,000 psi 

Flexural Strength ASTM C293 (C78) 7 Days 
28 Days 

650 psi 
800 psi 

(1,200 psi) 
(1,300 psi) 

Modulus of Elasticity ASTM C469 1 Day 
28 Days 

3,000 ksi 
6,500 ksi 

Bond Strength ASTM C882 1 Day 
28 Days 

1,300 psi 
2,500 psi 

Set Time ASTM C807 Initial Set 
Final Set 

60-75 minutes 
90-110 minutes 

Freeze Thaw 
Durability ASTM C666 300 Cycles 100% 

Zero loss 
Sulfate Resistance 
(% expansion) ASTM C1012 6 weeks 0.011% 

Shrinkage ASTM C1090 28 Days 0.07% 
Tensile Strength ASTM C496 28 Days 750 psi 

Abrasion Resistance ASTM C1138 6 Cycles @ 
28 Days 

0.67% Loss 

Chloride Ion (CI) 
Penetration by Ponding ASTM C1543 90 Days 

Ponding 
0.014% CI @ 
55-65 mm  

 
 
The GeoSpray™ lining is designed for use in storm and sanitary sewer pipe rehabilitation applications in 
diameter ranges of 30 to 200 in. (750 to 5,000 mm).  The renewal length will vary depending on the pipe 
diameter and required thickness and is typically ranges from 100 to 300 ft (30 to 100 m) per day for a 1.5-
in. (38 mm) thick lining.  Bends of any degree are feasible, but straight runs are preferred.  Laterals are 
plugged prior to lining and do not require reconnection, only the removal of the plugs.  The lining is 
typically sprayed at a minimum thickness of 1.5 in. (38 mm) for structural repairs or 0.5 in. (12.5 mm) for 
corrosion protection.  A 0.5-in. (12 mm) thickness would typically be applied if a lining is designed for 
additional corrosion protection of a structurally sound pipe.  The work time is 60 to 90 minutes at 80°F 
(27°C).  The field demonstration program will allow evaluation of the main benefits claimed and 
limitations cited by the manufacturer as follows (Milliken, 2013a): 
 
Main Benefits Claimed 

• Restores structural integrity for fully-deteriorated pipes 

• High flexural bond and ultimate strength 

• Low permeability 

• Adheres to various surfaces (i.e., brick, rock, concrete, corrugated metal, and cast iron) 

• Surface does not need to be dry (but no free water can be present; see limitations below) 

• 60 to 90 minute work time 

• Adapts to any shape, including bends, curves, and angles 

• Non-clogging and highly flowable/pumpable for ease of use in spin or spray casting 

• Non-abrasive nature leads to spinner heads, hoses, and equipment requiring less repair and 
maintenance 
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• Easier to clean from hoses and equipment 

• Green material made from natural mineral polymers and 50% recycled industrial waste content 

• Styrene and bisphenol A (BPA) free and contains no leachable toxins when subjected to the EPA 
Toxicity Characteristic Leaching Procedure (TCLP)  

• Trenchless process with relatively small aboveground footprint and access requirements 
compared to open cut or CIPP 

 
Main Limitations Cited 

• Requires a surface free of all dirt, grit, roots, grease, sludge, and debris 

• Must be applied to a damp surface with no free water 

• Temporary stoppage of flow or bypass may be required 

• During cold weather conditions, the geopolymer cannot be placed when the temperature is 37°F 
and falling without additional measures to maintain its temperature above that threshold (e.g., 
heaters and thermal breaks) 

• During hot weather conditions, chilled water may be used to mix the geopolymer to maintain its 
temperature below 90°F 

• Materials contain highly alkali cement and chemicals that may cause eye and skin sensitization 
 
2.2.3 Design of Cementitious Geopolymer Spray-On Lining.  Appendix A includes the design 
specifications for the Houston, Texas field demonstration site.  The design approach is based on Young 
and Budynas (2002) for two cases: (1) round or oval pipes; and (2) square and rectangular pipes.  Each 
case can be designed for either a partially or fully deteriorated pipe.  The first design equation calculates 
minimum lining thickness based on resistance to hydrostatic buckling for case (1) as follows:  
 

𝑡𝑡𝑝𝑝𝑝𝑝2.5 = 𝑁𝑁
𝑃𝑃𝑤𝑤𝑙𝑙𝑟𝑟1.5(1− 𝜇𝜇2)0.75

0.807𝐸𝐸
     (Equation 1) 

 
tpd = minimum thickness required, partially deteriorated pipe (inches) 
Pw = external hydrostatic pressure due to groundwater (psi) = 0.433(𝐻𝐻𝑤𝑤 + 𝐷𝐷/12) 
Hw = height of ground water above pipe (feet) 
D = inside diameter of the host pipe (inches) 
l = effective length caused by surface traffic wheels (inches) 
r = inside radius of the host pipe (inches) = D/2 
𝜇𝜇 = Poisson’s ratio of concrete (0.15) 
N = safety factor (2.0 default)   
E = initial long-term modulus of elasticity (ksi) = 2,000 (Vipulanandan and Moturi, 2010) 
 
The second design equation calculates minimum lining thickness for a fully deteriorated pipe based on 
resistance to hydrostatic buckling and soil and live loads for case (1) as follows.  The design for this 
project was provided by a registered Professional Engineer and is shown in Appendix A. 
 

𝑡𝑡𝑓𝑓𝑝𝑝2.5 = 𝑁𝑁
𝑊𝑊𝑡𝑡𝑙𝑙𝑟𝑟1.5(1− 𝜇𝜇2)0.75

0.807𝐸𝐸
     (Equation 2) 

 
tfd = minimum thickness required, fully deteriorated pipe (inches) 
Wt = total loads (psi) = Pw + W’s 
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Pw = external hydrostatic pressure due to groundwater (psi) = 0.433(𝐻𝐻𝑤𝑤 + 𝐷𝐷/12) 
Hw = height of ground water above pipe (feet) 
D = inside diameter of the host pipe (inches) 
l = effective length caused by surface traffic wheels (inches) 
W’s  = soil and live loads (psi) = Wc/12/D 
Wc = loads on pipe (lb/ft) = Cd × ws × (Bd/12)2 

Cd = load coefficients =
1−𝑒𝑒−2𝑘𝑘𝜇𝜇

′
 × 𝐻𝐻
𝐵𝐵𝑑𝑑

/12

2𝑘𝑘𝑘𝑘′
 

ku’ = soil coefficients 
H = depth of cover from ground surface to top of pipe (feet) 
Bd = width of trench (inches) = D + 24 in. 
ws = unit weight of soil (pounds/cubic ft) 
r = inside radius of the host pipe (inches) = D/2 
𝜇𝜇 = Poisson’s ratio of concrete (0.15) 
N = safety factor (2.0 default) 
E = initial long-term modulus of elasticity (ksi) = 2,000 (Vipulanandan and Moturi, 2010) 
 
2.2.4   Installation of Cementitious Geopolymer Spray-On Lining.  The following is a brief 
overview of the major steps involved in the application of a geopolymer spray-on lining: 
 

• Site preparation including permits and traffic control 
• Pipe cleaning and preparation 
• Pre-lining inspection  
• Sealing of active leaks 
• Repair of invert and large voids 
• Application of geopolymer spray-on lining 
• Post-lining inspection 
• Site cleanup and disposal of waste 

 
2.2.5   QA/QC of Cementitious Geopolymer Spray-On Lining.  The vendor’s recommended 
QA/QC procedures for the acceptance and certification of the GeoSprayTM product are included in 
Appendix B.  The QA/QC steps that should be used to evaluate the performance and proper application of 
the lining include: 
 

• Material Packaging.  Material should be delivered in packaged and sealed condition and free of 
moisture.  Materials that have been exposed to moisture or have visible damage to the packaging 
should not be used. 

• Proper Surface Preparation.  The pipe surface shall be thoroughly cleaned and made free of all 
foreign materials including dirt, grit, roots, grease, sludge, and all debris or material that may be 
attached to the wall or bottom of the pipe. 

• Seal Active Leaks.  The work consists of hand applying a dry quick-setting cementitious mix 
designed to instantly stop running water or seepage in all types of concrete and masonry 
structures.  The contractor should apply an approved quick-setting mortar in accordance with 
manufacturer’s recommendations. 

• Invert Repair.  The work consists of mixing and applying GeoSprayTM to fill all large voids and 
repair inverts prior to spraying or centrifugally casting the pipe.  For invert repairs, flow must be 
temporarily restricted by inflatable or mechanical plugs prior to cleaning. 

• Equipment.  The application equipment should: 
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o Have a mortar feed, high shear mixer, and pump as a single operating unit. 
o Have sensors that maintain uniform operation of each function. 
o Have a visible display for the rate of water addition.  The water/cement ratio must be 

maintained below 20%. 
o Measure the back pressure on the discharge side of the pump.  The back pressure should be 

maintained below 25 bars. 
o Have a spinner head capable of spraying in a clockwise and counter clockwise direction. 
o Have a spinner head attached to a reciprocating mechanism to layer the materials. 
o Have a retraction system capable of pulling the spinner head at a minimum rate of 4 in. per 

minute with no more than +/-5% tolerance. 
o Have a retraction system with a visible display that monitors the rate of retraction. 
o Monitor and record the rate of retraction, material discharge volume, dry material usage, and 

length of pipe covered on a daily basis. 
o Be in clean and good working condition and maintained to manufacturers’ standards. 
o Be free of blockage or debris.  

• Lining Thickness.  The lining thickness is the key design parameter and should be verified 
during the spray-on lining application through continuous monitoring by the operator of the speed 
of the sled (e.g., rate of retraction) and the volumetric rate of application by the spray head, which 
is measured with a flow gauge.  This is computed as the volume of material sprayed at each 
location along the pipe to ensure the minimum thickness is met.  If the lining material is sprayed 
and hand troweled, the thickness should be verified in the pipe with a thickness gauge.  In 
addition, the total quantity of GeoSprayTM placed on a daily basis is recorded and compared to the 
linear feet of pipe covered and pipe diameter to estimate the overall thickness applied. 

• Lining Sample Properties.  The material properties should be measured and compared to the 
manufacturer and design minimum requirements (Table 2-4).  The tests required to be performed 
for acceptance and certification of the product by the vendor are summarized in Appendix B and 
include the compressive strength (ASTM C109), slump (ASTM C143), and temperature of the 
batch water, dry powder, ambient air in pipe, ambient air in mixer, and sampled material (ASTM, 
2012b).  It is recommended that testing should occur at a minimum of one test for every 10 cubic 
yards or 32,000 lbs of material placed.  In addition, testing should occur on the first day and last 
day of spraying and at a minimum every other day in between.  The person responsible for 
collecting the test samples should be an American Concrete Institute (ACI) Certified Concrete 
Field Testing Technician, Level 1. 

 
2.3 Site Selection Approach 
 
To ensure that the field demonstration results are acceptable and useful to the user community, the field 
demonstration site and the condition of the selected test pipe had to be representative of typical 
applications for the geopolymer technology.  Therefore, the operational conditions (e.g., pipe type, 
structural integrity, etc.) and environmental conditions (i.e., subsurface conditions) of potential host sites 
had to be appropriate for the technology.  Another important consideration in site selection was the 
wastewater utilities’ willingness to participate in the study.   
 
2.3.1 Site Selection Factors.  Site selection was largely dependent on the utilities’ rehabilitation 
needs, their understanding of the condition of pipe assets within their system, the availability of time and 
resources to contribute to the study, and a strong motivation to advance the state of emerging and 
innovative technologies.  The site selection process also depended on the willingness of local stakeholders 
(such as the city, county/parish, neighborhood residents) to host a field demonstration that may involve 
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surface disruption in their right-of-ways or temporary bypassing of their utilities.  The following factors 
were considered in the site selection process for the demonstration program: 
 

• Utility Commitment.  Is the utility willing to use an emerging rehabilitation technology and to 
provide the required time and resource commitments to the project? 

• Perceived Value.  What is the number of interested utility participants?  Is the technology and/or 
test pipe rehabilitation need of national-scale versus regional-scale interest? 

• Regulatory/Stakeholder Climate.  Are local/state officials willing to work with the utility 
concerning requirements to permit use of an emerging technique?  Will the local stakeholders 
consent to the potential disruption caused by the construction activities? 

• Test Pipe and Site Conditions. Are the test pipe operating and environmental site conditions 
suitable when compared to the technology’s application limitations?  

• Site Access and Safety.  Are site conditions (i.e., site access, space requirements, etc.) suitable 
for a safe and secure field demonstration? 

 
The site selection process for this demonstration involved employing a collaborative approach with the 
technology developer and installer in an effort to identify candidate sites for the planned demonstration 
study.  As part of this process, a dialogue with Milliken and Inland Pipe Rehabilitation (IPR) was 
initiated.  Milliken indicated that GeoSprayTM was being planned for a project in Houston on a critical 
main entering into the wastewater treatment plant (WWTP).  The overall responsibilities of the 
technology vendor (Milliken) and installer (IPR) were defined as follows:  
 

• Provide vendor specifications, design, and installation information for the technology  
• Provide the technology for evaluation during the field demonstration  
• Provide equipment and labor needed for the duration of the demonstration  
• Provide data from the field demonstration to verify performance and cost of the technology  
• Review and provide comments on the draft field demonstration report 

 
2.3.2 Site Description.  The City of Houston is located in southeastern Texas near the Gulf of 
Mexico.  The city has an estimated population over 2.1 million and is the fourth largest city in the U.S.  
The City of Houston Public Works Wastewater Operations Division operates and maintains 40 WWTPs 
treating an average of 277 million gallons per day (MGD) and 6,250 miles of sewer pipelines ranging in 
size from 6 in. to 144 in.   
 
The test pipe used for this demonstration was a fully deteriorated 60-in. RCP sanitary sewer pipe 
approximately 160 ft long and 25 ft deep.  The main was located under the White Oak Bayou just south of 
Tidwell Road in northwest Houston (see Figure 2-2 with pipe alignment highlighted in red).  The 
upstream manhole was located in the backyard of a house on Oak Shadows Drive and the downstream 
manhole ended at the Northwest WWTP located on Magnum Road. 
 
GeoSprayTM was selected to rehabilitate the 60-in. RCP sewer main primarily because of the need for a 
shortened bypass time for this critical pipe leading into the WWTP.  Also, the 25-ft depth of the pipe and 
other site-specific conditions precluded open cut excavation.  The City of Houston selected GeoSprayTM 
because of positive past experience on rehabilitation projects within their collection system where the 
pipe needed minimal capacity reduction and site excavation.   
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Test Pipe Alignment 

 
Figure 2-2.  Aerial Photo of Demonstration Site Location 
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Section 3.0:  GEOPOLYMER DEMONSTRATION 
 

 
This section outlines the activities involved with the GeoSprayTM field demonstration including site 
preparation, technology application, post-demonstration field verification, sample collection, and site 
restoration.  
 
3.1 Site Preparation  
 
To successfully execute the planned demonstration, various site preparation activities were required. 
These activities included: installation of the temporary bypass system; closed-circuit television (CCTV) 
inspection; cleaning of the pipe; and repair of any infiltration prior to lining.  Details relating to these site 
preparation activities are provided in this section.  
 
3.1.1  Safety and Logistics.  Throughout the demonstration project, the bypass access manhole (or 
Manhole #1) was secured.  It was located upstream from the lining access manhole at the intersection of 
Oak Shadows Drive and Deepcreek Lane.  Manhole #1 was surrounded with barriers around the clock 
and the bypass pipes were secured behind temporary fencing (Figure 3-1).  IPR was responsible for traffic 
control throughout the demonstration.  The demonstration took place over the course of two weeks from 
finishing the bypass setup (week of April 22) to the final day of spraying (May 7).  A typical day began 
around 7:00 a.m. and activities each day were normally completed by 7:00 p.m. (12-hour duration).   
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Figure 3-1.  Barriers Surrounding Manhole #1 

The Battelle team had one staff member on site each day for the majority of the site preparation activities 
and three staff members were on site for the first full day of spray lining to gather samples.  The Battelle 
team maintained coordination with IPR throughout the demonstration project to ensure that field data 



 

were collected as planned in the QAPP.  Level D personal protective equipment including hard hats, 
safety glasses, steel-toed shoes, and safety vests were required for all site visitors. 
 
3.1.2  Installation of Bypass.  IPR laid out the bypass prior to the week of April 22, 2013.  The 
bypass system included three 16-in. high density polyethylene (HDPE) bypass pipes, which converged 
into two pipes (Figure 3-2, left) before heading downstream.  The bypass piping had to run parallel to an 
open channel, which is connected to the White Oak Bayou, before crossing the channel on a bridge and 
then heading to the WWTP (Figure 3-2, right).  Three large 50-horsepower (hp) pumps ran continually to 
divert the flow from the 60-in. collection main to the WWTP (Figure 3-3).   
 
 

  
Figure 3-2.  Bypass Pipes Converging (left) and Laying Parallel to an Open Channel (right) 

 
 

 
Figure 3-3.  Bypass Pumps at Manhole #1 
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3.1.3  Pipe Cleaning and Inspection.  Cleaning and inspection took place over the course of four 
days (Monday through Thursday).  Cleaning began on Monday, April 22 by launching the cleaning 
nozzle from the downstream manhole (Manhole #3) to the upstream lining access manhole located in a 
backyard (Manhole #2 in Figure 3-4).  Cleaning was accomplished using water from a self-contained 
water truck that was capable of holding more than 500 gallons of water and providing the compressed air 
needed for pressure washing to clean all foreign material attached to the pipe surface (e.g., dirt, grit, 
sludge, etc.).  Only water was used; it was not necessary for this project to employ detergent or muriatic 
acid (as recommended if significant grease and oil are present).  The exact volume of wash water could 
not be tracked because the water was discharged directly into the sanitary sewer for disposal.  During the 
cleaning, approximately 6 cubic yards of debris was removed from the pipe.   
 
 

 
Figure 3-4.  Manhole #2 Located in a Backyard 

 
 
The pre-lining CCTV inspection showed the 60-in. RCP host pipe was severely deteriorated with rebar 
exposed and several infiltration locations gushing water prior to lining (Figures 3-5 and 3-6).  Table 3-1 
presents the pre-lining CCTV inspection results, which confirmed the fully-deteriorated condition of the 
host pipe. 
 
 

Table 3-1.  Pre-Lining CCTV Inspection 
Item Location Distance (ft) Comment 

Manhole #2 N/A 0 Upstream Manhole 
Infiltration 12:00 o’clock 48 Water seeping in 
Infiltration 12:00 o’clock 79 Water seeping in 
Infiltration 12:00 o’clock 92 Water seeping in 
Infiltration 12:00 o’clock 101 Water seeping in 
Infiltration 12:00 o’clock 105 Water seeping in 
Infiltration 3:00 o’clock 135 Water gushing in 
Metallic Object 7:00 o’clock 139 Unidentified metallic object 
Infiltration Multiple 143-153 Water gushing in multiple locations 
Rebar Exposed Multiple 0-160 Rebar exposed throughout the pipe 
Manhole #3 N/A 160 Downstream Manhole 
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Figure 3-5.  Typical Condition of the Host Pipe Prior to Lining 

 
 

Figure 3-6.  Infiltration Entering the Host Pipe Prior to Lining 
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3.1.4 Infiltration Repair.  After cleaning and debris removal, several infiltration locations had to 
be repaired prior to lining because the GeoSprayTM material cannot be applied to a surface with free 
water.  The contractor used a moisture activated chemical grout from Avanti (AV-202) which is designed 
to seal active water leaks in large cracks in concrete structures (Figure 3-7).  The grout was applied using 
a spray nozzle and took place on Friday and Saturday prior to lining.  The repairs took longer than 
expected due to flows spilling into the manhole at the WWTP that could not be shut off, which delayed 
the time workers could get into the pipe.  The uncontrolled flows were part of the WWTP system that was 
not controlled by the contractor, but by the WWTP and was not related to the project bypass system.  A 
total of 40 gallons of grout was used to plug the various infiltration locations. 
 
 

 
 

 

 

Figure 3-7.  Chemical Grout Material 
 

3.2  Technology Application 
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The geopolymer lining of the test section took place between Saturday, April 27 and Tuesday, May 7, 
2013.  The lining process included: loading the dry material into a hopper and mixing the material with 
water; conveying the fresh mixed product to spray head; spraying; and finishing. 

3.2.1  Technology Application Equipment and Process.  The GeoSprayTM lining process requires 
the use of several pieces of equipment including the hopper, high shear mixer, pump, and application unit.  
The hopper is an elevated storage unit into which powdered material is emptied. The bagged material was 
delivered to the site in 2,000 lb bags, which were kept dry under a tarp.  None of the bags had any visible 
damage to their packaging.  The hopper serves the purpose of a temporary storage and material 
dispensing/feeding unit throughout the operations (Figure 3-8, left).  The high shear mixer (Figure 3-8, 
right) was used since the water to cement ratio was low and the final product was expected to gain 
viscosity during mixing.  The freshly mixed product was pumped to the pipe via a black pressure hose 
(Figure 3-9, left) approximately 105 ft from the pipe and spray applied to the wall via a spray nozzle 
(Figure 3-9, right).  After spray, the material was smoothed by hand using a trowel.  Typically, 



 

GeoSprayTM is manually applied in situations of severe deterioration where water is infiltrating and void 
filling is necessary.  In this case, the pipe had less than half of its original pipe wall thickness in the 
majority of the pipe and had severe infiltration as the pipe was beneath an active bayou.  When a pipe 
wall is compromised, as in this instance, and infiltration is heavy, manual spraying provides the advantage 
of being able to address serious infiltration locations by hand applying a thicker liner in a single pass.  
The material was sprayed and trowelled within 30 minutes of being mixed, which is within the work time 
of 60 to 90 minutes.  There were no significant operational issues or downtime noted for the equipment 
during spraying operations when the research team was on site on April 27, 2013.  No issues were noted 
with the maintenance or cleaning of spray heads, hoses, or other equipment when the research team was 
on site on April 27, 2013.  However, on the final day of spraying, some operational issues were noted by 
the contractor in the spray logs for May 7, 2013 related to the replacement of the spinner bearings, gasket 
repairs, hose repairs, mixing tube issues, and hopper repair. 

 

  

 
Figure 3-8.  Hopper (top left) and High Shear Mixer (top right) and View of Application System 

 
 

 

19 



 

 
 

 

 
 

  
Figure 3-9.  Black Pressure Hose (left) and Spray Nozzle (right) 

3.2.2  Sample Collection.  Each day prior to spraying, an independent lab would collect samples 
for QC checks.  Prior to the first spraying on Saturday, April 27, the research team also collected samples 
as described in the QAPP (Figure 3-10).  This included five cylinders for compressive strength via ASTM 
C109 (2008a), five beams for flexural testing via ASTM C78 (2010a), three cylinders for modulus of 
elasticity via ASTM C469 (2002), and a small cylinder for set time via ASTM C191 (2008b).  The 
samples were collected during a light rain and it was suspected that this additional moisture negatively 
impacted the test results (see Section 4.4 for further discussion). 

During the development of the QAPP, the product manufacturer stated that bond strength was typically 
measured at each site via ASTM C882 (2005) and that the research team would be able to verify the 
results.  For this reason, it was included as a critical measure in the QAPP.  However, during the 
demonstration, the contractor informed the research team that bond strength is rarely measured in the field 
unless specifically stated in the contract.  For this project, it was not stated in the contract and therefore 
the bond strength was not measured by the contractor or the research team.  It is recommended that the 
bond strength be measured at future project sites as a key QC measure. 

  
Figure 3-10.  Collecting Fresh Material from the Pressure Hose (left) and Preparing Samples (right) 
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3.2.3  Geopolymer Spraying.  The geopolymer spraying operation took a total of four days, and 
the entire project was conducted over a period of 11 days (see Table 3-2).  The contractor estimated that a 
2-in. thick coating was sprayed along the entire 160-ft section over the course of the first three spraying 
days (i.e., April 27, April 30, and May 1) and then an additional 1-in. thick coating was sprayed the entire 
length of the pipe on the final spraying day (May 7) for a total target lining thickness of 3-in.  The 
minimum design thickness was 1.88 in. (see Appendix A).  The calculated lining thicknesses for each day 
of spraying varied from the contractor estimates as discussed in Section 4.4.  After each pass, the hoses 
were removed and the machine and hoses were cleaned with soap and water.  The contractor spray logs 
did not keep track of the water/cement ratio; however, this was checked via a slump test, which was 
within the typical range (i.e., less than 1 in.) each day of spraying (see Table 3-2).  Since the spray sled 
was not used, those related QC parameters such as back pressure and rate of retraction of the sled were 
not tracked.  The water addition rate and pump speed were tracked at the beginning, middle, and end of 
each spray run (see Table 3-2). 
 
 

Table 3-2.  Summary of Geopolymer Spraying Application Data 

Water 

Date 

Dry Addition Pump Pump 
Duration Material Distance Thickness Rate Speed Distance Slump 

(min.) (lbs)* (ft) (in.)* (gal/hr.) Setting (ft) (in.) 
4/27/13 80 6,000 ~30 2.0 160-162 8 105 0.25 
4/30/13 190 12,000 ~70 2.0 180-200 9-10 140 0.25 
5/1/13 160 12,000 ~60 2.0 200 10 210 0.25 
5/7/13 300 18,000 160 1.0+ 179-182 10 225 0.25 

* Contractor provided estimates of lining thickness and dry material per verbal communication from vendor to 
Battelle at time of project. 
 
 
3.3  Post-Demonstration Field Verification 
 
The post-lining inspection via CCTV showed the rehabilitated pipe to be free of infiltration, with no signs 
of steel reinforcement rebar or cracking.  Figure 3-11 shows the lined pipe prior to spraying the final 1-in. 
coating and Figure 3-12 shows the fully lined pipe.  The research team reviewed the post-lining CCTV 
taken the day after the final coating was applied and no significant defects in the coating were noted. 
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Figure 3-11.  Lined Pipe Prior to Final 1-in. Coating 

 
 

 

 
Figure 3-12.  Post-Lining Inspection of Fully Lined Pipe 
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Section 4.0:  DEMONSTRATION RESULTS 
 
 

This section presents the results of the field demonstration including an assessment of the technology 
based on the evaluation metrics defined in Section 2.1 and Table 2-1.  The specific metrics that were used 
to evaluate and document the application of the GeoSprayTM product for the rehabilitation of a large 
diameter wastewater main are described below. 
 
4.1  Technology Maturity 
 
While the spray lining process is classified as conventional, the GeoSprayTM lining product is classified as 
innovative in terms of maturity based on its formulation (i.e., geopolymer) and usage.  The product is a 
sustainable green material in terms of environmental benefits (i.e., reduced carbon footprint compared to 
OPC) and the use of recycled industrial byproducts (e.g., fly ash) for as much as 50% of the raw material. 
 
The manufacturer reports that GeoSprayTM has been applied to over 150 structures in 11 states including 
California, Florida, Georgia, Louisiana, Michigan, North Carolina, Ohio, South Carolina, Tennessee, 
Texas, and Washington.  Representatives from the City of Houston considered GeoSprayTM to be a useful 
technology option in their tool box.  City representatives said they have had positive experiences in 
various locations, especially for heavily deteriorated pipes, odd shape pipes, and pipes that needed 
minimal capacity reduction and site excavation.  They noted that intensive bypass is required, but they 
have not had any notable issues. 
 
4.2  Technology Feasibility 
 
The GeoSprayTM lining was designed to provide a structural solution to the failure of a 60-in. RCP 
wastewater pipe.  The host pipe was 25 ft. deep and was located underneath an open channel bayou, 
which essentially precluded an open cut replacement approach.  The technology was found to be feasible 
and met the rehabilitation requirements by providing a monolithic, structural lining within the fully-
deteriorated host pipe.  The post-lining inspection via CCTV showed the rehabilitated pipe to be free of 
infiltration, with no signs of steel reinforcement rebar or cracking, and no significant defects noted in the 
GeoSprayTM lining the day after application.   
 
The installation process was also found to be suitable to the conditions of the host pipe.  Proper adherence 
of the cementitious liner to the host pipe depends on several factors such as cleaning of the host pipe prior 
to the liner application to remove loose debris and the elimination of any standing water or free water on 
the pipe surface.  For this demonstration, the cleaning process was found to be satisfactory in preparing 
the surface as noted in the pre-lining CCTV inspection and a moisture activated chemical grout was used 
to successfully seal active infiltration areas within the host pipe.  During the demonstration, no 
challenging situations were encountered outside of flow control obstacles at the WWTP, which were not 
directly related to the technology implementation.  The flow control issues did cause a delay in the 
initiation of the spray lining process until the matter could be resolved and standing water was removed 
from the pipe.  The severe deterioration and infiltration in the host pipe also prevented the use of the sled 
and required the lining to be hand sprayed.  In addition, moderate temperatures are required during the 
application process (between 37°F to 90°F).  The ambient temperature during the field demonstration 
ranged from 62°F to 87°F and all of the process temperatures monitored also conformed to this 
requirement (see Section 4.4). 
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4.3 Technology Complexity 
 
The spray lining process is not a complex procedure; therefore, it is conceivable that contractors and/or 
wastewater utility personnel could be trained to install this product.  The vendor recommends that the 
supervisor and equipment operator should have a minimum of 80 hours of training on the materials, 
equipment, and process prior to deployment in the field.  The dry cementitious powder comes in a bag, 
which is then mixed with water and sprayed just as any other commercial product.  The typical lining 
crew throughout the project included one foreman and five to six laborers.  During the actual lining, the 
foreman operated the mixer, while two laborers remained aboveground.  Three laborers were also located 
in the pipe, with one spraying and two finishing the surface with trowels.  In terms of operation and 
maintenance, repairs of the spray equipment were required on one out of four days of spraying, but lining 
operations were able to proceed as scheduled after the repairs were made.  In terms of QA/QC, the person 
responsible for collecting tests samples and performing tests should be an ACI certified field testing 
technician who has experience in following ASTM procedures in handling, storing, and transporting the 
samples.  
 
4.4  Technology Performance 
 
The technology performance was assessed through the ability to achieve the desired product thickness 
within the host pipe and through the collection of samples to measure key properties of the GeoSprayTM 
material as prepared on site during the field demonstration.  Since the sled was not used due to the heavy 
deterioration and infiltration of the pipe, parameters such as the retraction rate of the sled could not be 
tracked to determine the field applied thickness.  Instead, an estimate was obtained based on the volume 
of dry material sprayed and the length of pipe covered each day (Table 4-1).  The assumptions made to 
make this calculation are that the length of pipe sprayed each day had full 360° coverage of lining and 
that the entire material placed into the hopper was used for spraying.  For example, on 4/27/13, 6,000 lbs 
of material was sprayed inside the 60-in. pipe for a distance of 30 ft.  The product yield is given to be 0.86 
ft3/100 lbs of dry material, resulting in 51.6 ft3 of material being sprayed (6,000 x 0.86/100).  The area of 
pipe sprayed is the circumference of the 60-in. (5 ft) pipe, which is 188 in (15.7 ft) by the length sprayed 
(15.7 ft x 30 ft), which is 471 ft2.  The calculated thickness is then given by dividing the yield by the area 
of pipe sprayed (51.6 ft3 by 471 ft2), which 0.11 ft or 1.3-in.  Based on these calculations, the field applied 
thickness was approximately 3.3 in. total (see Table 4-1), which was well above the design value of 1.88 
in. (see Appendix A).  It should be noted that the contractor estimated lining thickness provided on the 
spray logs appeared to be an overestimate compared to the calculated thickness for the first three spraying 
days (from 50% to 75% higher).  The contractor estimated thickness on the fourth day of spraying was 
underestimated (by 100%). Overall, the total calculated thickness of 3.2 to 3.4 in. was higher than the 
contractor estimated total thickness of 3.0 in. for the entire 160-ft application.  Given the importance of 
the lining thickness to the rehabilitation design, it is suggested that the “as installed” lining thickness be 
checked in the field on a regular basis to verify the calculated results and the contractor estimates.  
 

Table 4-1.  Summary of Spray Lining Thickness Estimates 

Dry Contractor Lining Run 
Material Distance Estimated Calculated Total 

Date (lb)* (ft) Thickness (in.)* Thickness (in.) Thickness (in.) 
4/27/13 6,000 ~30 2.0 1.34 3.4 
4/30/13 12,000 ~70 2.0 1.15 3.2 
5/1/13 12,000 ~60 2.0 1.34 3.4 
5/7/13 18,000 160 1.0+ 2.06 N/A 
*Contractor provided estimates of lining thickness and dry material at time of project. 
N/A = not applicable 

24 



 

The results of the laboratory evaluation compared with the manufacturer stated claims are shown in Table 
4-2.  The testing results are tabulated both for the results from this study and from the third-party 
laboratory contracted as part of the project for the City of Houston (see Appendix C).  The testing results 
are then compared to the design specifications as discussed below.  

 
 

Table 4-2.  GeoSprayTM Performance Data Comparison 

Third-Party Manufacturer 
Property Standard Result Test Data Values/Design 

Field Applied Thickness Young and Budynas 3.3-in. N/A 1.88-in. 
(2002) 

Compressive Strength ASTM C109 (28 day) 7,881 psi 8,635 psi 8,000 psi 
Flexural Strength ASTM C78 (28 day) 641 psi N/A 1,300 psi 
Modulus of Elasticity ASTM C469 (28 day) 6,500 ksi N/A 6,500 ksi 
Set Time (Final Set) ASTM C191 75 minutes N/A 100 minutes 

 (per ASTM C807) 
Slump ASTM C143 1-in. 0.25-in. 1-in. 
Density ASTM C138 134 lb/ft3 N/A 139.3 lb/ft3 
Bond Strength ASTM C882 (28 day) N/A N/A 1,600 psi 

 
 
Compressive strength is a material’s maximum resistance to axial loading and is the most important 
property of hardened cementitious materials.  The compressive strength was measured per ASTM C109 
(2008a; Figure 4-1, left) for two cylinders at 7 days, 14 days, and 28 days.  The 28-day strength was 
approximately 98.5% of the manufacturer’s stated strength (see Figure 4-2).  The third-party test results 
averaged from three days of spraying and sample collection showed the compressive strength exceeded 
the manufacturer’s stated strength at 28 days by 8% (see Appendix C).  Since the third-party test results 
were above the manufacturer’s stated strength, the slightly lower 7,881 psi measured by the research team 
was not deemed to be a significant issue. 
 
Flexural strength and modulus of elasticity are less important for cementitious materials, but must still 
meet minimum requirements to resist tensile forces.  The flexural strength was measured per ASTM C78 
(2010a; Figure 4-1, right) for two beams at 14 and 28 days.  The 28-day strength was approximately 50% 
of the manufacturer’s stated strength.  The modulus of elasticity of the beams was approximately 95% of 
the manufacturer’s stated strength.  Third-party flexural tests were not required. 

 

 
Figure 4-1.  Compressive Testing (left) and Flexural Testing (right) 
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Figure 4-2.  Stress/Strain Curve for Compressive Samples 
 
 
The final set time was measured per ASTM C191 (2008b; Figure 4-3, left) for five cubes and was 75% of 
the manufacturer stated set time of 100 minutes.  By comparison, shotcrete typically can have final set 
times in the range of 4 to 7 hours, which can be shortened depending on the presence of certain 
admixtures (Belie et al., 2005).  The material slump per ASTM C143 (2010b; Figure 4-3, right) was 
within the standard range (e.g., <1.0) and was used to verify that the material had the proper water/cement 
ratio.  Slump tests are used as a measure of batch variability (uniformity) and changes in slump can 
indicate variability in the batching process.  The slump values were measured at 0.25 in. based upon third-
party test results across all four days, which suggests a fairly uniform preparation process across each 
batch (see Appendix D).  The slump value of the sample collected by the research team was 1.0 in., which 
was within the specification of 1.0, but indicates a potential difference in the batch from the materials 
tested by the third party.  
 

  
Figure 4-3.  Set Time Testing (left) and Slump Testing (right) 
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In general, the samples collected by the research team tested under the manufacturer stated claims.  Based 
on the 3.6% lower than expected density of the GeoSprayTM mixture at 134 lb/ft3 compared to the design 
specification of 139 lb/ft3, it is hypothesized that this could be attributable to the light rain experienced 
during sample collection and preparation.  It is also believed that the rain had no impact on the material 
sprayed in the pipe as the mixer was covered during the installation.  The average third-party test results 
for compressive strength were above the manufacturer stated claim.  Additionally, the material is 
designed for spraying; therefore, pouring in the field without a shaker table can create voids, which might 
also impact this testing.  Current standards only require the use of tamping rods, which may or may not be 
sufficient for eliminating voids in the samples.  The use of a shaker table in the field is recommended as a 
future practice to minimize voids.  The results of the QC testing from the contractor’s third-party showed 
the material to be above the design strength requirements (see Table 4-1). 
 
Temperatures were monitored by the third-party testing lab during the installation process to ensure that 
they remained within the installation range (i.e., 37°F to 90°F) as summarized in Table 4-3 (see third-
party reports in Appendix D). 
 
 

Table 4-3.  Temperature Monitored During Installation  

Property 
Day 1 Day 2 Day 3 Day 4 

04/27/13 04/30/13 05/01/13 05/07/13 
Batch Water 62°F 51°F 50°F 50°F 
Dry Powder 84°F 73°F 78°F 80°F 
Ambient within Pipe 77°F 79°F 74°F 79°F 
Ambient at Mixing Point 68°F 83°F 76°F 76°F 
Sampled Material 84°F 87°F 82°F 80°F 

 
 
4.5  Technology Cost 
 
The cost to structurally rehabilitate a section of pipe is dependent on a wide variety of variables.  These 
common variables include: pipe diameter, host pipe material, length of pipe to be rehabilitated, pipe 
condition including corrosion and/or ovality, the amount of cleaning required, the amount of active 
infiltration, pipe depth, location of access points, and the physical forces on the pipe, including water, soil 
and traffic loads.  This list can be expanded to include limited site access, limited hours of operation, 
operating in environmentally sensitive areas, along with other site-specific considerations.  Other 
important variables include: location of the project, traffic control concerns, and the largest variable being 
the amount and type of bypass pumping required.  Remote sites that require equipment and personnel to 
travel long distances can also impact pricing.  Locations that require a high degree of traffic control up to 
and including police officers to direct traffic also increase pricing. 
 
Bypass pumping on large-diameter pipe rehabilitation projects like this can typically be the largest 
expense of the project.  With the large amount of variables associated with each individual project, the 
contractor provided the following information as a general guideline for structurally rehabilitating a 60-in. 
RCP sewer main.  The costs associated with projects similar to this range from $400 to $600 per linear 
foot.  As stated above, many factors other than the actual lining costs can greatly impact pricing. 
 
4.6  Technology Environmental Impact 
 
Cleaning was accomplished using water from a self-contained water truck that was capable of holding 
more than 500 gallons of water and providing the compressed air needed for pressure washing to clean all 
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foreign material attached to the pipe surface (e.g., dirt, grit, sludge, etc.).  During the cleaning operation, 
all of the water used was discharged into the bypass manhole and did not require additional processing. 
The exact volume of wash water could not be tracked because the water was discharged directly into the 
sanitary sewer for disposal.  During the cleaning, approximately 6 cubic yards of debris was removed 
from the pipe. Since excavations were not required for this project, no soil required off-site disposal.  This 
greatly reduced the carbon footprint of the project when compared to a traditional open cut project.  To 
estimate the carbon footprint, the tool known as e-Calc was used (Sihabbudin and Ariaratnam, 2009).  
The e-Calc inputs are shown in Figure 4-4. 
 
 

 
Figure 4-4.  Inputs for e-Calc for the GeoSprayTM 60-in. RCP Sewer Main Project 

 
 
The primary equipment on site were three large Pioneer bypass pumps (see Figure 3-3), which ran nearly 
continually over the course of the 11-day project.  The contractor also used a telescopic handler for 
attaching the bypass system and a track hoe for various lifting activities.  The contractor had four large 
equipment trucks on site for the duration of the project, which were left at the site each night.  In addition, 
four pickup trucks were on site for various durations to transport staff to and from the site. 
 
The e-Calc outputs are shown in Figure 4-5.  The project resulted in a carbon footprint of approximately 
23.06 short tons (or 46,100 lb) of CO2 equivalents from the equipment and 1.04 short tons (or 2,100 lb) of 
CO2 equivalents from the vehicles for a total of 48,200 lb.  An equivalent open cut project would be 
difficult to estimate as this pipe segment was located underneath an open channel bayou, which would 
require a significant amount of work to open cut and is very impractical.  From previous studies (EPA, 
2012), open cut construction has been estimated to be around 2,000 lb of CO2 equivalents per day.  With 
depth (26 ft) and surface obstructions (i.e., open channel bayou) of this project, the duration of an open 
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cut project could be estimated to be several months at a minimum, resulting in a minimum impact of 
120,000+ lb of  CO2 equivalents. 
 
In terms of CO2 equivalent emissions of the manufacture of geopolymers, studies have shown that 
geopolymers produce as much 65% (McClellan et al., 2011) or even as much as 90% less emissions 
(Davidovits, 2011) when compared to OPC. 
 
 

 
Figure 4-5.  Results from e-Calc for the GeoSprayTM 60-in. RCP Sewer Main Project  

(Installation [top] and Transportation [bottom]) 
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Section 5.0:  CONCLUSIONS AND RECOMMENDATIONS 
 
 
This demonstration of the innovative, spray-applied, fiber-reinforced geopolymer mortar used to 
rehabilitate a 60-in. RCP that was 160-ft long and 25-ft deep in Houston, TX was deemed successful.  
The host pipe was severely deteriorated with reinforcing steel exposed and missing and several locations 
of heavy infiltration, which is why the lining was spray applied by hand rather than using a sled.  Table 5-
1 summarizes the overall conclusions for each metric used to evaluate the technology. 
 

Table 5-1.  Technology Evaluation Metrics Conclusion 

Technology Maturity Metrics 
• 
• 
• 

Innovative material installed using a conventional methodology. 
Corrosive resistance was not validated, but geopolymer is a proven improvement over OPC. 
Some third-party data are available, but long-term testing is needed. 

Technology Feasibility Metrics 
• 
• 
• 

Project met the owner's expectations and requirements. 
The material was successfully installed in a severely deteriorated pipe environment. 
Because of the severe deterioration of the host pipe and high levels of water infiltration, the lining was manually 
spray applied by hand versus application via a spray sled. 

Technology Complexity Metrics 
• 
• 

• 

Beneficial for wastewater utilities with deteriorating large-diameter mains in corrosive environments. 
Requires trained professionals, but the lining process is not complex; therefore, contractors or utility personnel 
could be trained to install this product.   
The project spanned a total of 11 working days and this included unanticipated delays in setup of the host pipe by 
the WWTP due to flows entering into the manhole at the WWTP that initially could not be shut off. 

Technology Performance Metrics 
• 

• 

• 

• 

• 

The post-lining inspection via CCTV showed the rehabilitated pipe to be free of infiltration, with no signs of 
exposed rebar or cracking, and no significant defects were noted in the GeoSprayTM lining the day after 
application.   
Calculations based on the amount of material sprayed each day and length of coverage showed that spray-applied 
thickness to be approximately 3.3 in., which was more than the design minimum value of 1.9 in. 
Third-party test results for all four days of spraying showed that the QC samples met design.  The compressive 
strength at 28 days averaged 8,635 psi compared to the manufacturer's design specification of 8,000 psi. 
Mechanical testing by the research team indicated that the QC samples were lower than the manufacturer claims 
of performance.  For example, the compressive strength at 28 days was measured at 7,881 psi (or 1.5% lower than 
the manufacturer's specification).  Based upon the lower than expected density of the mixture (by 3.6%), it is 
hypothesized that the lower values in these samples were attributable to light rain experienced during sample 
collection.  However, it is assumed that the rain had no impact on the material sprayed in the pipe as the mixer 
was covered during the installation. 
Because of the manual application of the GeoSprayTM material, not all of the typical QC parameters could be 
collected on a continuous basis associated with the sled application.  However, the slump test results were 
consistent for each day of spraying, which suggests that a uniform water/cement ratio was achieved.  

Technology Cost Metrics 
• The costs associated with projects similar to this range from $400 to $600 per linear foot.   

Technology Environmental and Social Metrics 
• 

• 
• 

• 

Social disruption was minimal since traffic was only affected at one manhole and drivers were able to access their 
homes throughout the project. 
An estimated 48,200 lb of CO2 equivalents were emitted from on-site operations. 
A similar open cut project, although impractical due to the site conditions, would emit 120,000+ lb of CO2 
equivalents. 
CO2 equivalent emissions from the manufacture of geopolymers have been shown to be as much as 65% to 90% 
less than emissions for OPC. 
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It is recommended that sampling procedures be further examined to ensure that QC samples are indicative 
of the final material properties as installed in the field.  The calculated lining thickness was found to vary 
significantly from the contractor estimates provided in the field.  It is important to develop a protocol to 
measure the lining thickness in the field as part of future QC procedures to verify the calculations.  It 
should be noted that bond strength is rarely measured in the field unless specifically stated in the contract. 
It is recommended that the bond strength be measured at future project sites as a key QC measure.  The 
material is designed for spraying; therefore, pouring the material in the field may create voids.  Current 
standards only require the use of tamping rods, which may or may not be sufficient for eliminating voids 
in the samples.  The use of a shaker table in the field is recommended as a future practice to minimize 
voids.  Alternatively, a process for obtaining samples directly from the finished coating could be 
explored, although this is less practical.   
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APPENDIX A 
 

DESIGN CALCULATION 
 
 

 



 

Design for City of Houston, Northwest WWTP. 
 

𝑡𝑡𝑝𝑝𝑝𝑝2.5 = 2
11.27𝑥𝑥288𝑥𝑥301.5(1− 0.152)0.75

0.807(2,000,000)
     (Equation 1) 

 
tpd = 1.28 inches 
Pw = 11.27 psi = 0.433 (21 ft + 60 in./12) 
Hw = 21 feet 
D = 60 inches 
l = 288 inches 
r = 30 inches = 60 in./2 
𝜇𝜇 = 0.15 
N = 2 
E = 2,000,000 psi 
 
The second design equation calculates minimum lining thickness for a fully deteriorated pipe based on 
resistance to hydrostatic buckling and soil and live loads for case (1) as follows: 
 

𝑡𝑡𝑓𝑓𝑝𝑝2.5 = 2
29.83𝑥𝑥288𝑥𝑥301.5(1− 0.152)0.75

0.807(2,000,000)
     (Equation 2) 

 
tfd = 1.88 inches 
Wt = 29.83 psi = 11.27 psi + 18.56 psi 
Pw = 11.27 psi 
Hw = 21 feet 
D = 60 inches 
l = 288 inches 
W’s  = 18.56 psi = (13,363 lb/ft/12) / 60 in. 
Wc = 13,363 lb/ft = 2.098 x 130 pcf x (84 in./12)2 
Cd = 2.098  
ku’ = 0.165 (sand and gravel) 
H = 25 feet 
Bd = 84 inches = 60 in. + 24 in. 
ws = 130 pounds/cubic ft 
r = 30 inches = 60 in./2 
𝜇𝜇 = 0.15 
N = 2 
E = 2,000,000 psi 
 
Since this pipe is considered to be fully deteriorated, the minimum design thickness comes from Equation 
2 and must be greater than 1.88 in. 
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APPENDIX B 
 

QA/QC PROCEDURES 
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APPENDIX C 
 

THIRD-PARTY TEST RESULTS 
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APPENDIX D 
 

THIRD-PARTY DAILY INSPECTION FORMS 
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