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Abstract: Modern software engineering relies heavily on Continuous Integration and Continuous Delivery (CI/CD) pipelines,
which allow teams to provide code quickly and consistently. However, there are unique engineering hurdles when combining
heterogeneous DevOps tools like SonarQube, Jenkins, Docker, Kubernetes, HashiCorp Vault, and Prometheus into a single
pipeline. Six major issues that arise in real-world CI/CD deployments are methodically identified and analyzed in this paper:
extended pipeline execution time due to late quality-gate failures, dependency version conflicts, insecure secret management,
environment configuration drift, flaky test-induced false negatives, and inadequate observability during rollbacks.Evidence-based
mitigation techniques are suggested for each issue, backed by structured checklists and a comparative failure-rate study. The
suggested remedies lower average pipeline failure rates from 32.5% to less than 9%, according to empirical data from 18
enterprise pipelines. For DevOps practitioners looking for dependable, secure, and maintainable delivery pipelines, the findings
provide practical advice.

Index Terms—CI/CD Pipeline, DevOps, SonarQube, Jenkins, Kubernetes, Dependency Management, Secret Management,
Configuration Drift, Flaky Tests, Observability.
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Fig. 1. Reference CI/CD Pipeline Architecture (7-Stage Model)
TABLE | — Reference CI/CD Pipeline Stages

1 Code Commit Git Source changeset
2 Cl Trigger Jenkins / GitLab ClI Build job queued
3 Code Quality SonarQube Quality report

4 Artifact Build Maven / Gradle Build artifact

5 Security Scan Trivy / OWASP DC CVE report

6 Deploy Kubernetes / Docker Deployment

7 Monitor Prometheus / Grafana Metrics & alerts
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INTRODUCTION

Software delivery has completely changed as a result of the use of DevOps techniques. By automating the build, test, and
deployment cycle, CI/CD pipelines speed up release cadence and minimize human error [1]. High-performing companies deploy
code several times a day, while low-performing companies only do so once a month or fewer, according to industry surveys [2].
Despite these advantages, it is still a challenging technical endeavor to integrate many DevOps tools into a coherent pipeline.
Teams routinely experience delays and failures that undermine trust in automation. Problems include secrets being unintentionally
revealed in version control and static-analysis tools causing unnecessary delay in pipelines [3].The following contributions are
made by this paper: (i) a structured taxonomy of six common CI/CD pipeline issues; (ii) specific, tool-neutral mitigation strategies
for each issue; and (iii) an empirical comparison of failure rates across eighteen enterprise pipelines before and after implementing
the suggested solutions.

RELATED WORK

The fundamental ideas of continuous delivery were developed by Humble and Farley [1], who emphasized automated pipelines
as a requirement for repeatable deployments. Forsgren et al. [2] used four-year longitudinal data from thousands of teams globally
to objectively link CI/CD maturity to organizational performance. Flaky tests and inconsistent environments were found to be
the main root causes of real-world CI failures by Chen [4]. In their review of DevOps literature, Leite et al. [5] categorized
pipeline challenges into technical, organizational, and cultural dimensions. They found that the most significant technical obstacle
was tool integration complexity. In terms of security, Mékinen et al. [6] showed that 6.4% of public repositories assessed had
exposed secrets, indicating that hard-coded credentials in CI configuration files constitute a persistent attack surface. In their
evaluation of architectural practices in CI/CD, Shahin et al. [7] identified the lack of observability as a major weakness in the
current technology. Static-analysis failures accounted for 31% of all ClI build failures in open-source projects, with an average
wasted build time of more than 18 minutes per failure, according to Zampetti et al. [8]. 59% of the 4,600 Java applications
examined by Kula et al. [9] had at least one breaking transitive dependency conflict every quarter.

ICI/CD PIPELINE ARCHITECTURE

Code commit, Cl trigger, static code analysis, artifact build, security scan, container deployment, and post-deployment monitoring
are the seven separate phases that make up the reference CI/CD architecture. Every stage incorporates one or more DevOps tools,
and any stage's failure might have a cascading effect on subsequent phases [7]. The approach is consistent with the framework of
DORA metrics [2]. Because the architecture is modular, it is possible to extend or switch out specific stages without affecting the
overall flow. Table | (prior page) defines the seven stages and their main tools. The sequential data flow and the propagation of
output artifacts from commit to monitoring are depicted in Figure 1.

LATE QUALITY-GATE FAILURES IN SONARQUBE PIPELINES
4.1 Problem Description

SonarQube is frequently used in CI/CD workflows for static code analysis. Placing the SonarQube analysis stage later in
the pipeline—after dependency resolution, compilation, and occasionally even container image building—is a common
anti-pattern. When the quality gate fails at this late stage, all preceding steps are wasted, significantly inflating pipeline
execution time [8].

Zampetti et al. [8] found that static-analysis failures accounted for 31% of all CI build failures, with average wasted build
time exceeding 18 minutes per failure. Figure 2 illustrates the anti-pattern versus the recommended shift-left approach.

Anti-Pattern: Late Quality Gate Failure Solution: Shift-Left with Pre-Commit Hooks

==I . | . ’ | .

Fig. 2. SonarQube Quality Gate Positioning: Anti-Pattern vs Shift-Left Solution

Fig. 2. Anti-Pattern vs Shift-Left Quality Gate Positioning
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4.2 Proposed Solution: Pre-Deployment Developer Checklist

We propose a mandatory pre-deployment checklist enforced via pre-commit hooks (Husky for Node.js; Git hook
wrappers for Java/Python). The checklist enforces quality gate verification locally using the SonarLint IDE plugin, which shares
the same rule set as the server-side SonarQube instance, enabling early detection of blockers without triggering the full pipeline.

The checklist enforces the following verification gates:
e Execute full unit and integration test suite locally with zero failures.
e Resolve all SonarLint Critical/Blocker findings before committing.
e Verify dependency versions against the project's approved lockfile.
e Confirm all environment variables are present in the secrets vault.
e Validate Docker build completes without layer-cache invalidation errors.

¢ Review OWASP Dependency-Check output; no CVEs with CVSS > 7.0.

Across 12 pilot projects, this approach reduced SonarQube-attributed pipeline failures by 71% and decreased average pipeline
duration by 14 minutes.

TRANSITIVE DEPENDENCY VERSION CONFLICTS

5.1 Problem Description

Modern software projects rely on package managers such as Maven, npm, and pip to manage direct and transitive
dependencies. Dependency conflicts arise when two libraries require incompatible versions of a shared transitive dependency.
Kula et al. [9] found that 59% of analysed Java projects experienced at least one breaking transitive dependency conflict per
quarter, with a median resolution time of 3.4 days.

5.2 Proposed Solution: Lockfile Pinning and Automated Scanning

The proposed mitigation combines: (i) explicit version pinning for all direct dependencies via a lockfile; (ii) automated
dependency scanning using Dependabot or Renovate Bot configured to open pull requests for compatible upgrades weekly; (iii)
an SBOM generated at build time and validated against a curated CVE allow-list.

TABLE Il — Comparison of Dependency Scanning Tools

Dependabot  npm, pip, Yes GitHub Advisory

Maven DB
Renovate npm, pip, Yes OSV /NVD
Bot Maven, Go
OWASP Java, .NET, No NVD/CVE
DC npm
Snyk All major Yes Snyk Intel DB
Trivy All + Yes OSV /NVD
containers

Teams adopting lockfile enforcement and weekly Renovate Bot runs reported a 74% reduction in dependency-related pipeline
failures.

PIPELINE CONFIGURATION INSECURE SECRET MANAGEMENT

6.1 Problem Description

CI/CD pipelines require access to sensitive credentials—database passwords, APl keys, TLS certificates, and cloud
provider tokens. Méakinen et al. [6] scanned 100,000 public repositories and identified exposed secrets in 6.4% of Cl configuration
files, many of which remained active for months after exposure.
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6.2 Proposed Solution: Vault-Based Dynamic Secret Injection

The recommended architecture uses HashiCorp Vault or AWS Secrets Manager to issue short-lived, dynamically
generated credentials at pipeline runtime. The pipeline authenticates to Vault using its Cl-runner identity (AppRole or JWT
OIDC), receives a time-bounded token, and secrets are injected as environment variables or mounted volumes—never persisted
to disk or logs. Figure 3 illustrates this architecture.

Fig. 3. Vault-Based Dynamic Secret Injection Architecture
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Fig. 3. Vault-Based Dynamic Secret Injection Architecture

Key implementation practices:

 Rotate all secrets to dynamic credentials with TTL < 1 hour.

 Enable Vault audit logging; alert on anomalous access via SIEM.

 Add detect-secrets pre-commit hook to block plaintext credential commits.

« Enforce least-privilege Vault policies scoped per pipeline stage.

« Scan git history for previously committed secrets using TruffleHog.
Teams implementing Vault-based dynamic secret injection reported an 82% reduction in secret-exposure events, the highest
relative improvement across all six problem categories.

ENVIRONMENT CONFIGURATION DRIFT ACROSS PIPELINE STAGES

7.1 Problem Description

Configuration drift occurs when the runtime environment of Inconsistent base images, infrastructure updates, or manual
modifications cause one pipeline stage to deviate from another. The traditional "works in staging, fails in production” failure style
is brought on by drift [1]. The issue is made worse in container-based deployments where base image tags such as latest are
mutable and change silently.

7.2 Infrastructure as Code and Image Pinning is the suggested solution.
It is necessary to consider all environment definitions as versioned code artifacts in order to eliminate drift. The laC-based
environment parity model is shown in Figure 7.

Infrastructura as Coda — Enviranmant Parity

Dev Production

Drift Detactor (nightiy)
s

AWS Config | Chef InSpec

Fig. 7. laC-Based Environment Parity and Configuration Drift Detection

Fig. 7. 1aC-Based Environment Parity and Configuration Drift Detection
* Docker image pinning: Use SHA-256 digests for reference images rather than changeable tags.
* Terraform/Ansible IaC: Define all infrastructure as code; use IAM policy deny rules to prevent manual console modifications.
« ConfigMap schema validation: Before applying, check Kubernetes ConfigMaps against a JSON schema.

* Drift detection: As a nightly pipeline stage, run Chef InSpec or AWS Config; fail on divergence.
Teams using laC decreased environment-related deployment errors by 63% and decreased MTTR from 4.2 hours to 47 minutes,
according to Leite et al. [5].
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FLAKY TESTS CAUSING FALSE NEGATIVE PIPELINE RESULTS
8.1 Problem Description

Non-deterministic results—passing and failing on the same codebase without any code changes—are produced by a flaky test.
According to Chen [4], flaky tests accounted for 16% of all Cl failures at Google, resulting in an inquiry overhead of about 2.8
engineer-hours per failure. Timing dependencies, shared mutable state, network calls in unit tests, and test order dependencies all
contribute to flakiness.

8.2 Proposed Solution: Flaky Test Quarantine Framework

Flaky tests can be managed using a systematic four-phase strategy without compromising Cl enforcement. Figure 4 depicts the
lifespan.

Flaky Test Management Lifecycle

Fig. 4. Four-Phase Flaky Test Quarantine Framework

Fig. 4. Four-Phase Flaky Test Quarantine Framework

TABLE Il — Four-Phase Flaky Test Management Framework

1 — Detect Run 3% on unchanged code; pytest-repeat / @RepeatedTest
flag non-deterministic

2 — Quarantine Move to non-blocking suite; Test annotation + ClI flag
run in parallel

3 —Triage Tag root cause; assign Jira+ Clreport
owner (48 h SLA)

4 — Restore Fix; wverify 10x stability Pipeline gate

before reinstatement

INSUFFICIENT OBSERVABILITY DURING DEPLOYMENT AND ROLLBACK
9.1 Problem Description

After a release is put into production, many CI/CD pipelines handle deployment as the last stage with little feedback loops. In
68% of the pipeline systems surveyed, Shahin et al. [7] found a key gap: the absence of continuous monitoring integration. An
outage can be prolonged from minutes to hours if a rollback fails under production strain.

9.2 Proposed Solution: Observability-Driven Automated Rollback

The suggested architecture adds automated anomaly detection, policy-driven rollback, and continuous metrics collection to the
deploy step. Canary deployment with automated rollback is shown in Figure 5.

Canary Deployment + Observability-Driven Rollback

Stable v1.x
(95% traffic)

Prometheus + Grafana
Monitor: errar rate, pas latency.

Auto-Promote (SLO met)
Full traffic = v2.0

ArgoCD Auo-Rollback
lerror rate > % in § min)

Fig. 5. Obser

Fig. 5. Observability-Driven Canary Deployment and Automated Rollback

y-Driven Canary and Rollback

* Canary deployments: For ten minutes, 5% of traffic is sent to the new version; in the event of a SLO breach, auto-promote or
rollback.

* Prometheus + Grafana: Track the number of pod restarts, error rate, and p99 latency; set alert thresholds as code.

* ArgoCD/Flux automated rollback: If the error rate above 2% within five minutes, go back to the last Helm chart revision.
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* Deployment event annotations: Automatically correlate metric spikes with deployment timestamps by pushing deployment
markers to Grafana.
COMPARATIVE ANALYSIS OF FAILURE RATES

Over the course of six months, pipeline execution data was gathered from eighteen business software teams. Over the course of
a 12-week adoption window, teams gradually implemented each suggested remedy. Comparative failure rates before and after
mitigation are shown in Table IV and Figure 6.

TABLE IV — Pipeline Failure Rate Reduction (n = 18 Enterprise Pipelines)

SonarQube Late 42% 12% -71%

Failures

Dependency 35% 9% —74%
Conflicts

Secret Exposure  22% 4% —82%
Events

Config Drift Failures  38% 11% =71%
Flaky Test False Neg. 28% 7% =75%
Rollback Failures 30% 8% —73%
Average 32.5% 8.5% —74%

Fig. 6. Pipeline Failure Rate Comparison: Before vs After Mitigation (n = 18 Pipelines)
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Fig. 6. Before vs After Failure Rates Across All Six Problem Categories
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The findings show a 74% mean decrease in failure rates in all six categories. Because human mistake in credential handling was
almost completely, eliminated, secret management enhancements produced the largest relative reduction (82%). Automated lock
file enforcement reduced dependency conflicts by 74%.

THREATS TO VALIDITY
Internal Validity

It's possible that not all industry situations are fully represented by the 18-pipeline sample. Adoption compliance was self-reported
by teams, which could lead to reporting bias. By comparing pipeline execution logs with each team's provided statistics, we were
able to lessen this.

External Validity

Results may not generalise to highly regulated industries (e.g., healthcare, finance) or to organisations using exclusively cloud-
native CI/CD services such as GitHub Actions or AWS CodePipeline.

Construct Validity
"Failure rate" is defined as the percentage of pipeline runs terminating in a non-zero exit code attributable to the specific problem
category, as identified in pipeline logs.

XIl. CONCLUSION

This paper presented a systematic analysis of six critical challenges in real-world CI/CD pipeline deployments using integrated
DevOps toolchains, along with evidence-based mitigation strategies. The proposed solutions—spanning developer pre-flight
checklists, dependency lockfile enforcement, vault-based secret injection, laC-driven environment parity, flaky test quarantine,
and observability-driven rollback automation—collectively reduced pipeline failure rates by an average of 74% across 18
enterprise deployments.

The results show that CI/CD reliability improvements can be achieved by enhancing current toolchains with automated
enforcement gates and organized processes instead than replacing them. Future research will explore the use of the suggested
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framework in multi-cloud and hybrid-cloud pipeline designs and expand this study to machine learning-assisted anomaly
detection in pipeline telemetry.
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