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1. Background and Introduction

Many culverts installed during the 1950s and 1960s are approaching the end of their service life
(1). Culvert failure can lead to serious environmental problems and cause road closures, resulting
in major delays, inconveniences, and high costs of repair (2, 3). Thus, it is essential to maintain
and upgrade their integrity to minimize disruptions caused by aging, deterioration, and increased
traffic demands. Ultra-high-performance concrete (UHPC) shotcrete has emerged as a potential
solution for the rehabilitation, repair, and retrofit of steel culverts (4). UHPC's exceptional
properties, including its ultra-high strength, very low permeability, and resistance to abrasion and
chemical attack, allow it to provide a strong, thin, and highly durable protective layer (5, 6). This
superior performance significantly extends the culvert's lifespan while minimizing required
material and reducing long-term maintenance costs (7).

2. Problem Statement

When applying UHPC to upgrade steel culverts, the exterior surface often exposes steel fibers.
While the dense matrix of UHPC provides excellent protection against the ingress of aggressive
agents, exposed fiber ends bypass this protective barrier and serve as initiation sites for corrosion
(8). The corrosion of these exposed fibers, while superficial, introduces a visible degradation
mechanism on a material specifically chosen to prevent it.

To address this challenge, this research proposes using a sprayable, grout-like self-healing concrete
as a second, protective layer over the sprayed UHPC. The primary function of this layer is to
provide durable cover, isolating the exposed UHPC fibers from the corrosive environment. Its
secondary, advanced function is its ability to autonomously repair micro-cracks that may form
over time through mechanisms like microbial activity (9).

Specifically, bacteria-based self-healing concrete can precipitate calcium carbonate, which seals
cracks and enhances both the mechanical strength and durability of concrete structures (10, 11,
12). By healing future cracks in the cover layer, the system ensures its long-term integrity and
maintains its protective function. The incorporation of bacteria into shotcrete has already been
shown to significantly enhance water absorption resistance and permeability, thus improving
overall durability (13).

3. Objectives and Research Approach

The overall approach of this project is to systematically develop, test, and validate a novel two-
layer retrofit system for steel culverts through a phased combination of experimental testing and
numerical analysis.

The objectives of this research are to:

e Characterize the mechanical and durability properties of a two-layer system composed of
sprayed Ultra-High Performance Concrete (UHPC) and self-healing concrete.



e Develop a numerical modeling approach to establish design methodologies for the two-
layer system.

e (Generate experimental data to validate the proposed design and inform construction
procedures.

e Formulate design and construction guidelines for retrofitting deficient steel culverts using
the developed system.

4. Description of Research Project Tasks

The following is a description of tasks carried out to date.

Task 1 — Literature Review.

This task involves conducting a comprehensive review of existing literature on steel culvert
rehabilitation, UHPC shotcrete applications, and self-healing concrete.

Up to this stage, the review has focused on the pneumatic application of UHPC and self-healing
concrete. It included case studies, current practices, and relevant standards to establish a solid
foundation for the project. Overall, the review has confirmed the problem statement, that cracking
is an unavoidable and inherent weakness of most cement-based materials, and identified the lack
of research on the proposed two-layer system and its potential to enhance the durability of
pneumatically applied UHPC.

Task 2 — Mix Design Testing.

This task involves developing and testing UHPC shotcrete and sprayable self-healing concrete
mixtures with varying compositions and properties. The variations will focus on optimizing
strength, workability, and adhesion for spray applications.

This task remains pending.

Task 3 — Steel Culvert with Two — Layer Full-Scale Testing.

This task involves conducting full-scale testing of steel culverts with a two-layered (UHPC + self-
healing concrete) protective system. The tests will focus on developing a set of recommendations
for sequence and methodologies for application of second layer of self-healing liner.

This task remains pending.

Task 4 — Steel Culvert with Two-Layering Lining Small-Scale Testing.

This task involves conducting small-scale testing of steel culverts with a two-layered (UHPC +
self-healing concrete) protective system. The tests will focus on calibrating the numerical models
and developing design tools.

This task remains pending.



Task 5 — Durability Testing.
This task involves conducting Freeze/Thaw tests on small-scale steel culverts with a two-layered

(UHPC +self-healing concrete) protective system. These tests should provide information to assess
the durability of the proposed two-layer system.

This task remains pending.

Task 6 — FEM Analysis.

This task involves creating finite element models to simulate the behavior of steel culverts with a
UHPC shotcrete layer and an additional sprayed self-healing concrete layer. Non-Linear finite
element analysis will allow to better comprehend the performance of two-layer system and
development of design and rating approach.

This task remains pending.

Task 7 — Self-healing UHPC Testing.

This task involves testing small-scale specimens where cracks are incorporated into the first
sprayed UHPC layer. The specimens will be used to assess the characteristics of self-healing spray
to repair cracks.

This task remains pending.

Task 8 — Development of Guidelines.

This final task involves a full assessment of the findings, data, and analyses from the previous
tasks into a comprehensive final report. The report will include procedural guidelines for the
rehabilitation, repair, retrofit, and maintenance of steel culverts using the developed two-layered
system. Additionally, it will include design and rating guidelines based on both experimental and
theoretical analysis.

This task remains pending.

5. Expected Results and Specific Deliverables

This research is expected to yield significant findings on the performance of a novel two-layer
composite system and produce tangible tools for its practical implementation. The outcomes are
categorized into expected scientific results and specific project deliverables.

The project is anticipated to generate the following key results and scientific understanding:

e A comprehensive understanding of the mechanical and durability performance of the
composite UHPC and self-healing concrete system. This includes its bond strength,
composite behavior under load, and resistance to environmental stressors like freeze-thaw
cycles.



e A validated numerical model capable of accurately predicting the structural behavior of
steel culverts retrofitted with the two-layer system. This will provide insight into failure

mechanisms and load distribution.

e A clear assessment of the self-healing efficiency of the protective top layer, specifically its
ability to seal cracks and prevent the ingress of corrosive agents to the underlying UHPC.

e C(ritical insights into the optimal methods and sequence for spray-applying the two layers
to ensure a monolithic and durable bond, both to the steel substrate and between the layers

themselves.

Upon completion, this project will deliver the following tangible items:

e Optimized Mix Designs: Field-ready mix designs for both the UHPC shotcrete and the

sprayable self-healing concrete, tailored for strength, adhesion, and workability.

e A Calibrated Finite Element Model: A complete, calibrated, and validated non-linear FEM
model in Abaqus, which can be used for future analysis and design of similar retrofit

projects.

e Comprehensive Experimental Dataset: A full set of raw and analyzed data from the full-
scale, small-scale, and durability tests, which will serve as a benchmark for future research.

e Final Report with Design and Construction Guidelines: The primary deliverable will be a
final report that includes a methodology for engineers to design and rate steel culverts
retrofitted with the two-layer system, and step-by-step procedural recommendations for

contractors on surface preparation, material mixing, application, and quality control.

6. Schedule

Progress of tasks in this project is shown in the table below.

Item % Completed

Percentage of Completion of this project to Date 10%

2025 2026
RESEARCH TASK

JIFIM|A[M|J]J]|A|S|O|N|D|fJ|F|M|A

Task 1-Literature Review.

Task 2-Mix Design Testing.

Task 3 -Steel Culvert with Two-Layer Full-Scale Testing.

Task 4 -Steel Culvert with Two-Layering Lining Small-Scale Testing.
Task 5 -Durability Testing.

Task 6 - FEM Analysis.

Task 7 -Self-healing UHPC Testing.

Task 8 - Development of Guidelines.

Worked Performed
Work To be Performed
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