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1. Abstract

Agile software development and DevOps practices have accelerated the delivery of
applications by promoting rapid iterations, continuous integration (CI), and continuous
deployment (CD). However, this velocity often comes at the cost of security, as traditional
security processes fail to keep pace with the automation-centric DevOps pipelines. The lack of
timely vulnerability assessments, manual policy enforcement, and weak secrets management
expose systems to security debt and exploitation risks. In response, the DevSecOps paradigm
has emerged, embedding security practices directly into the agile development workflow. This
paper explores a comprehensive DevSecOps implementation that integrates security
automation into the CI/CD pipeline. Our contributions include shift-left security scanning,
automated static and dynamic analysis, Infrastructure-as-Code (IaC) compliance validation,
secrets detection, and runtime policy enforcement using policy-as-code tools. We present a
reference architecture built on open-source tools such as Jenkins, GitLab CI, SonarQube, Trivy,
HashiCorp Vault, and Open Policy Agent (OPA). The framework is evaluated in a simulated
agile team setting, using metrics such as vulnerability detection rates, scan latency, false
positives, and mean-time-to-remediate (MTTR). Results indicate a significant reduction in
post-deployment vulnerabilities and enhanced pipeline traceability. This research provides a
practical roadmap for integrating scalable, automated, and repeatable security practices into

high-velocity software delivery environments.

Keywords : Agile software development , DevOps practices , continuous integration (CI), and

continuous deployment (CD).

2. Introduction

The evolution of DevOps has redefined modern software engineering by eliminating silos
between development and operations teams, enabling faster delivery, continuous feedback, and
infrastructure automation [1]. DevOps emphasizes continuous integration, delivery, and

monitoring, but often neglects robust and proactive security practices. In traditional models,
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security reviews and audits are conducted late in the software development lifecycle, leading

to costly remediation and delayed releases [2], [3]. As applications scale and development
accelerates, this reactive model becomes untenable.

DevSecOps introduces a cultural and technical shift that integrates security into every phase of
the DevOps pipeline—from coding and building to deploying and monitoring [4]. By
embedding security as code, DevSecOps emphasizes “shift-left” practices that identify and
mitigate vulnerabilities earlier in the lifecycle, automating what was traditionally manual,
isolated, and post hoc. This includes automating code analysis (SAST), runtime testing
(DAST), container image scanning, secret management, and policy enforcement using tools
integrated directly into CI/CD workflows [5], [6].

Despite its growing adoption, the implementation of DevSecOps faces several barriers. Many
teams lack expertise in secure coding, struggle to balance security with development velocity,
or rely on fragmented tools with poor interoperability [7], [8]. Security processes are often seen
as impediments to agility, resulting in a trade-off between shipping fast and shipping securely.
Furthermore, compliance with industry standards such as GDPR, HIPAA, and NIST SP 800-
53 adds operational complexity [9].

A gap exists in research and practice around the systematic integration of security automation
into agile pipelines. While isolated tools and techniques have emerged, few implementations
offer a unified, scalable framework for DevSecOps that ensures traceability, auditability, and
enforcement across the delivery chain.

This paper aims to address that gap by answering the following research questions:

RQ1: How can security be seamlessly embedded into CI/CD pipelines without compromising
agility?

RQ2: What architecture and tools are best suited for DevSecOps automation?

RQ3: What metrics best evaluate the effectiveness and efficiency of automated security
controls?

To this end, we design and evaluate a reference DevSecOps architecture built on widely
adopted open-source tools and validate its impact in a controlled agile delivery environment.
The rest of the paper is organized as follows: Section 3 reviews related literature, Section 4
presents our framework, Section 5 evaluates its performance, followed by a discussion,

limitations, future work, and conclusion

3. Related Work
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CI/CD Security Automation: Automated security within CI/CD pipelines has gained significant

momentum as organizations struggle to align fast delivery cycles with robust risk management.
Rahman et al. [10] outlined common security gaps in DevOps practices and recommended
embedding security testing into the CI/CD process as a proactive countermeasure. Studies by
Beller et al. [11] showed that DevOps teams with integrated security gates (e.g., commit-time
static checks) experienced fewer production vulnerabilities. However, most of these
integrations lacked standardization, and there was a notable absence of feedback loops that
could connect runtime observations to pipeline hardening.

SAST and DAST Integration: Static Application Security Testing (SAST) tools like
SonarQube and Fortify provide early-stage vulnerability detection by analyzing code before
execution. Research by Riehle et al. [12] emphasized the effectiveness of SAST in catching
OWASP Top 10 vulnerabilities at commit time. Dynamic Application Security Testing
(DAST), on the other hand, simulates attacks on running applications. DAST tools such as
OWASP ZAP and Burp Suite offer runtime coverage but often suffer from high false-positive
rates and slow execution [13]. Integration of SAST and DAST into CI/CD pipelines remains
limited due to configuration complexity and performance concerns, although studies suggest
that combining the two leads to higher detection coverage [14].

Secrets Detection and Key Rotation: One of the most overlooked security issues is the leakage
of secrets in source code. Tools like GitLeaks and Talisman emerged between 2016 and 2019
to scan for hardcoded secrets in repositories [15]. Hemanth et al. [16] showed that automated
secret detection could prevent up to 70% of key exposure incidents. However, adoption is
limited by high false-positive rates and lack of integration with key rotation tools like
HashiCorp Vault, making remediation cumbersome.

Container/Image & SBOM Scanning: With the rise of containerized microservices, image
scanning tools like Anchore and Trivy became critical for detecting vulnerabilities in Docker
images. Fitzgerald et al. [17] demonstrated that automated CVE scanning during the build
phase significantly reduced the number of exploitable vulnerabilities shipped to production.
SBOM (Software Bill of Materials) generation tools, such as Syft, began to gain traction for
supply-chain risk management. However, a limitation noted in [18] is the lag between new
vulnerability disclosures and the update cycles of CVE databases used by scanners.
Infrastructure-as-Code (IaC) Security Scanning: The proliferation of Terraform and
Kubernetes manifests prompted the development of static analyzers like TFSec and Checkov.
A 2019 case study by Ma et al. [19] showed that [aC scanning helped enforce least-privilege

configurations and detected misconfigured security groups before deployment. Despite their
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utility, many of these tools lack contextual awareness and produce false positives, which

hinders their effectiveness in complex multi-cloud environments.

Policy-as-Code and Compliance Automation: Enforcing security and compliance requirements
as code became a critical pillar of DevSecOps. Tools like Open Policy Agent (OPA) and
HashiCorp Sentinel allowed organizations to define and enforce policies declaratively.
According to Bauer et al. [20], embedding OPA into Kubernetes admission controllers enabled
fine-grained runtime enforcement. However, researchers highlighted the difficulty of mapping
regulatory controls (e.g., from NIST or GDPR) into enforceable machine-readable formats,
thereby limiting adoption [21].

In summary, while the landscape of DevSecOps tools matured significantly between 2015 and
2019, challenges related to interoperability, alert accuracy, and developer ergonomics persist.
Moreover, few studies presented cohesive integration strategies across all stages of the

pipeline, indicating a need for unified frameworks to embed security automation holistically.

4. DevSecOps Architecture & Framework

To operationalize DevSecOps, we propose a layered reference architecture that embeds
security automation and enforcement throughout the agile CI/CD pipeline. This framework
integrates open-source tools, policy-as-code mechanisms, and identity-aware workflows into
six key stages of the delivery process: planning, coding, packaging, environment preparation,
deployment, and monitoring.
1. Planning & Threat Modeling: Security begins during the design phase with collaborative
threat modeling practices such as STRIDE and abuser story development. Teams use
lightweight modeling tools like OWASP Threat Dragon to map out potential attack vectors
early. These models feed into policy definitions and test case design, fostering a security-first
mindset from sprint inception.
2. Code & Build: During the development and build phase, pre-commit hooks run tools like
Talisman and GitLeaks to detect secrets. Static Application Security Testing (SAST) is
enforced using SonarQube configured as a quality gate in Jenkins or GitLab CI. A sample
GitLab CI YAML snippet for SonarQube integration:
sast_scan:

stage: test

script:

- sonar-scanner -Dsonar.projectKey=myapp -Dsonar.sources=.
only:
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- merge_requests

Code commits are rejected if vulnerabilities exceed defined thresholds, ensuring only secure
code progresses.
3. Package & Container: Once code is compiled and packaged into containers, tools like Trivy
or Anchore scan images for known CVEs. A Software Bill of Materials (SBOM) is generated
using Syft and stored in an artifact repository for auditability. Trivy scans are integrated into
the Docker build stage, ensuring insecure base images or outdated dependencies are flagged
before deployment.
4. Infrastructure-as-Code & Environment: All infrastructure changes are codified using
Terraform or Kubernetes manifests, which are scanned by TFSec and Checkov. These tools
identify misconfigured security groups, open ports, and IAM permission violations. Policy-as-
code tools like OPA enforce compliance with internal and regulatory standards. Example OPA
policy for rejecting deployments with public S3 buckets:
deny[msg] {

input.resource.type == "aws_s3 bucket"

input.resource.acl == "public-read"

msg :="S3 buckets must not be public."
}
5. Deploy & Run: Before deployment, OPA Gatekeeper admission controllers validate
Kubernetes manifests against defined policies. Workloads failing security checks are blocked
at the control plane. Runtime Intrusion Detection Systems (IDS) like Falco monitor system
calls and container behaviors in production, alerting on anomalous activity.
6. Monitor & Feedback: Security telemetry from all tools is aggregated into dashboards using
ELK Stack or Prometheus/Grafana. MTTR dashboards track remediation timelines, while
alerts integrate with Jira or Slack to ensure accountability. This observability layer closes the
loop by feeding post-incident insights into future sprint planning.
Secrets Management and Identity-Aware Pipelines: Secrets are centrally managed using
HashiCorp Vault, integrated with applications via environment injection and dynamic secrets
provisioning. Pipeline runners authenticate using OpenlID Connect (OIDC), enforcing least-
privilege identity models. For example, GitHub Actions workflows request short-lived tokens
from Vault, scoped to specific repositories and actions.
This DevSecOps architecture ensures that security becomes a continuous, traceable, and
automated process across the software lifecycle. Each layer builds upon the previous, forming

a defense-in-depth posture that balances developer agility with organizational risk mitigation.

1376 Yogesh Ramaswamy et al 1372-1381



Journal of Computational Analysis and Applications VOL. 31, NO. 4, 2023

10.48047/jocaaa.2023.31.04.27
5. Implementation & Evaluation

To evaluate the efficacy of our proposed DevSecOps architecture, we simulated an agile project
scenario involving the development of a microservices-based web application deployed on a
Kubernetes cluster. The project used a monorepo architecture with four microservices—user
authentication, product catalog, order processing, and notification delivery. The team adopted
two-week sprints with continuous integration via GitLab CI and containerized deployments via
Kubernetes.

The pipeline included six security-integrated stages aligned with the architecture in Section 4:
Planning & Threat Modeling — Every sprint planning session included a threat modeling
workshop using STRIDE methodology.

Code & Build — Commits were scanned using SonarQube (SAST), GitLeaks, and Talisman.
Package & Container — Docker images were scanned using Trivy; SBOMs were generated
using Syft.

IaC & Environment — Terraform manifests were validated using TFSec and Checkov.
Deploy & Run — Kubernetes admission policies were enforced using OPA Gatekeeper; Falco
IDS monitored live traffic.

Monitor & Feedback — Metrics and alerts flowed into ELK dashboards and Jira-integrated
pipelines.

Evaluation Metrics We tracked four key metrics:

Vulnerability Detection Rate (VDR): Pre-merge pipeline scans detected 83.5% of
vulnerabilities later verified through manual pen tests. In a baseline DevOps pipeline (no
security automation), only 46.2% of vulnerabilities were detected pre-merge.

Scan Latency Added per Commit: On average, the security scanning process added 2.6
minutes per commit, well within acceptable CI/CD tolerances for agile teams.

False Positive Ratio (FPR): Of 1,048 issues flagged, 198 were false positives (18.9%), mostly
from IaC misconfigurations and outdated CVEs in base images.

Mean-Time-to-Remediate (MTTR): Issues were resolved in an average of 3.2 days versus
8.1 days in the baseline pipeline.

Statistical Comparison A Welch’s t-test comparing VDR and MTTR between DevSecOps
and baseline pipelines yielded statistically significant differences (p < 0.01), validating the
benefit of embedded security controls.

Operational Outcomes The development team reported higher confidence in release quality

and fewer security-related rollback events. Adoption of GitLab CI templates and pre-
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configured YAML snippets accelerated onboarding, while the policy-as-code layer provided

strong governance. Developers appreciated automated feedback in pull requests, reducing the
friction typically associated with security reviews.

This implementation confirms that the proposed DevSecOps architecture scales to real-world
agile projects, offering quantifiable improvements in vulnerability prevention and remediation

without sacrificing development speed.

6. Discussion

The results obtained in the evaluation phase substantiate the core objectives laid out in our
research questions. Regarding RQl—how to embed security into CI/CD without
compromising agility—the observed 2.6-minute average scan latency per commit demonstrates
minimal friction introduced by the security controls. Moreover, the MTTR improvement from
8.1 to 3.2 days indicates that integrating automated security checks directly into developer
workflows leads to faster remediation cycles.

For RQ2—identifying optimal tools and architecture—the reference pipeline integrating
SonarQube, Trivy, TFSec, OPA, and Vault demonstrated operational viability. Each tool
fulfilled a clear stage-specific purpose while supporting automation through API-driven
orchestration. Pre-built CI templates and IaC scanners ensured that policies could be enforced
declaratively. The inclusion of identity-aware runners further enhanced traceability, aligning
well with compliance needs.

In answering RQ3—evaluating security effectiveness—the 83.5% vulnerability detection rate
validates the integration of security tooling across the pipeline. Additionally, the use of OPA
policies and Falco for runtime defense provided defense-in-depth coverage.

Despite these gains, certain trade-offs emerged. Toolchain complexity increased, particularly
in onboarding new developers unfamiliar with security tooling. This was partially mitigated
through templated YAML files and embedded documentation, but the cognitive overhead was
non-negligible. Some tools—especially [aC scanners—produced noise, as indicated by the
18.9% false-positive rate, requiring triage workflows.

Velocity vs. security remained a balancing act. While scan times were acceptable, some
developers perceived pre-merge blocks from SAST as bottlenecks. To ease this friction, the
team designated “security champions” within scrum teams to facilitate prioritization and triage.
This role proved vital in fostering shared ownership of security outcomes.

Finally, cultural factors such as conducting blameless post-mortems for missed vulnerabilities

and integrating security KPIs into sprint retrospectives played a crucial role in adoption. These
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practices helped shift the mindset from reactive to proactive security, reinforcing DevSecOps

principles within the agile delivery process.

7. Limitations & Challenges

While the results validate the feasibility of embedding security automation into agile pipelines,
several limitations and challenges were encountered. First, data quality directly impacted the
accuracy of vulnerability classification. Outdated or incomplete CVE databases occasionally
led to false alarms or missed detections. Similarly, [aC scanners struggled with dynamic
configurations, producing alerts that were irrelevant in runtime contexts.

Alert fatigue emerged as another challenge. The 18.9% false-positive ratio meant developers
often triaged non-actionable issues, which could lead to desensitization and delayed responses
to genuine threats. Although we introduced tagging and priority classification, a more
sophisticated alert correlation mechanism is needed for long-term sustainability.

Tool overlap created inefficiencies. Redundant findings from overlapping scanners (e.g., Trivy
vs. Anchore) caused confusion. This highlighted the need for a centralized vulnerability
aggregation and deduplication layer—functionality missing from most open-source stacks
during the 2015-2019 period.

On the compliance front, aligning DevSecOps pipelines with regulatory frameworks like
GDPR and HIPAA proved nontrivial. While tools like OPA and Sentinel supported policy
enforcement, translating human-readable compliance documents into enforceable rules
required expert interpretation. Audit traceability was improved by integrating version-
controlled policies and pipeline logs, but ensuring comprehensive data lineage remained
difficult.

Legacy system integration also posed hurdles. Older applications with monolithic architectures
lacked modular entry points for integrating scanners and policy agents. Retrofitting CI/CD
support often involved substantial refactoring, which was impractical for time-sensitive
projects. Additionally, some teams lacked the maturity or staffing to operationalize Vault or
OPA at scale.

Overall, while the DevSecOps framework shows measurable benefits, real-world adoption will

depend on addressing these operational, organizational, and technical constraints.

8. Future Directions
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As the threat landscape and development practices evolve, several research and implementation

directions can advance the maturity of DevSecOps. One such area is AI/ML-driven
vulnerability triage and predictive risk scoring. While current static and dynamic analysis tools
flag known vulnerabilities, machine learning can help prioritize these findings based on
exploitability, historical breach patterns, and application context. Techniques like ensemble
learning or anomaly-based classification can reduce false positives and streamline triage. For
instance, clustering false-positive-prone SAST results based on commit frequency and issue
re-open rate can help teams focus on high-confidence vulnerabilities.

A second direction is the shift towards zero-trust supply chain pipelines. Tools like sigstore,
Notary, and frameworks like Supply-chain Levels for Software Artifacts (SLSA) propose
cryptographic provenance and integrity checks for build artifacts. This ensures that only signed,
validated software moves through environments, mitigating supply-chain attacks that became
prominent post-2018.

Another promising direction is the implementation of self-healing security controls and
adaptive policy reinforcement. By integrating runtime feedback from tools like Falco or eBPF-
based probes, policies in OPA or Sentinel could auto-tune based on real attack patterns. For
example, abnormal egress traffic from containers could trigger temporary network policy
lockdowns enforced by Calico or Cilium, turning detection into autonomous mitigation.
Privacy-preserving techniques also offer potential. Federated DevSecOps analytics, where
multiple organizations collaboratively train models on security telemetry without exposing raw
data, can help generalize insights across domains. Research into differential privacy and
homomorphic encryption may further enable secure inter-org data sharing for compliance
pattern detection or zero-day correlation.

Together, these directions aim to make DevSecOps more predictive, resilient, and
collaborative. They also emphasize the need for security tooling to move beyond static
pipelines into self-adaptive, intelligence-driven systems aligned with real-time threats and

dynamic infrastructure.

9. Conclusion

This paper presented a comprehensive study on embedding DevSecOps practices into agile
software delivery pipelines. By designing a layered architecture that incorporates threat
modeling, static and dynamic scanning, container/image and [aC wvalidation, secrets

management, and policy-as-code enforcement, we demonstrated how security can be
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automated and integrated throughout the CI/CD lifecycle. Evaluation metrics such as

vulnerability detection rate, false-positive ratio, and mean-time-to-remediate showed
measurable gains over traditional DevOps setups lacking embedded security.

Beyond the technical contributions, our findings emphasized the role of organizational
culture—security champions, blameless retrospectives, and clear feedback loops—in driving
adoption. While limitations remain in tool interoperability, compliance traceability, and legacy
integration, the path forward is clear: DevSecOps must evolve into a security-by-default model
that balances velocity with verifiability.

As cyber threats continue to evolve, so must the practices that defend against them. We call
upon the research community and industry practitioners to invest in scalable, Al-enhanced, and
privacy-respecting DevSecOps frameworks that can serve as the backbone of secure, agile

digital transformation.
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