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ABSTRACT

Although Windows Active Directory (AD) is the foundation of organizational identity
and access management, cyberattacks frequently target it because of its widespread use.
Four main categories are used in this paper to analyze important AD vulnerabilities from
2021-2024: (3) protocol flaws (NTLM relay, LDAP injection), (2) permissions and
group policy errors, (3) credential-based attacks (e.g., pass-the-hash, Kerberoasting), and
(4) sophisticated persistence strategies like DCShadow assaults. Over 90% of
organizational breaches take advantage of AD vulnerabilities, according to findings,
frequently for privilege escalation and lateral movement. Evaluations of existing
mitigations show that they are only partially effective. These include least privilege
enforcement, multi-factor authentication (MFA), and Al-driven anomaly detection. The
most resilient approach, however, is a multi-layered protection that incorporates
automatic configuration hardening, continuous monitoring, and Zero Trust principles.
Behavioral Anomaly Detection (BADS), Adaptive Authentication Gateway (AAG), and
Continuous Configuration Validation (CCV) are three new components of the integrated
architecture that the study proposes by synthesizing findings from 35 peer-reviewed
papers. Important suggestions include machine learning-enhanced threat detection,
regular AD audits, enforced MFA, and the deprecation of NTLM. The research bridges
the gap between theoretical protections and real-world deployment issues by providing
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IT teams with realistic solutions to reduce existing and emerging AD threats. Businesses
may drastically lower risk in a changing threat environment by implementing these

strategies.

Keywords: Active Directory, Cybersecurity, Vulnerability Assessment, Mitigation

Strategies, Enterprise Security

1. INTRODUCTION

The In-enterprise settings, Windows
Active Directory (AD), which was first
released by Microsoft in 1999, has
developed into the de facto standard for
identity and access management (IAM)
[1]. About 90% of Fortune 1000
businesses rely on AD as a distributed
directory service for essential functions
including  resource = management,
centralized authentication, and
authorization [2]. Single sign-on (SSO)
capabilities are supported via Kerberos
authentication, and the system's
hierarchical domain, tree, and forest
structure facilitates effective
management of people, computers, and
other network resources [3]. AD's
centralized architecture and the
privileged access it controls, however,
have made it a desirable target for
cybercriminals; according to recent
statistics, 94% of all business security
breaches are caused by weaknesses in
AD [4]. There are a number of reasons
why the security issues with AD have

become more complicated. First, many

firms are operating out-of-date or
incorrectly configured installations of
the system as a result of its extensive

adoption and lengthy deployment
periods [5]. Second, AD's attack

surface has grown thanks to its
interaction with many enterprise apps
and services [6]. Third, usability is
frequently given precedence above
security in the system's default
configurations, which presents built-in
weaknesses that hackers frequently take
advantage of [7]. Due to these
characteristics, dedicated AD attack
frameworks like BloodHound and
PowerView have emerged, allowing
adversaries to map AD infrastructure
and figure out assault vectors with
frightening efficiency [8]. In the past
few years, advanced assault methods
tailored to AD have evolved. Kerberos
ticket-granting tickets (TGTs) include
flaws that Golden Ticket attacks take
advantage of to obtain persistent
domain access [9]. In order to break
service account credentials offline,
kerberoasting focuses on service
principal names  (SPNs)  [10].
Organizations that have not completely
switched to Kerberos authentication are
still vulnerable to NTLM relay attacks
[11]. The emergence of DCShadow
attacks, in which adversaries with
adequate rights can develop rogue
domain controllers to directly alter AD
data, is arguably the most worrisome
[12]. For enterprise security teams,
these methods pose a serious issue
when paired with more conventional
attack routes like pass-the-hash and
credential stuffing. AD vulnerabilities

Int. J. Elect. Crime Investigation 9(1): IJECI MS.ID- 02 (2025) 20



Bridging Gaps in Active Directory Security: Threat Landscape, Limitations, and Future-
Proof Solutions

have an effect that goes beyond the
original breach. The use of AD
vulnerabilities by attackers for lateral
movement, privilege escalation, and
long-term  persistence in  victim
networks has been published by
security researchers [13]. The 2021
SolarWinds hack illustrated how
exploited AD environments might
provide extensive spying [14],
however, ransomware organizations
like as Conti have created specialized
tools for AD exploitation and
enumeration [15]. These advancements
highlight how important it is for
contemporary business settings to have
strong AD security procedures.

Even while AD security threats are
becoming more well known, many
businesses still have trouble mitigating
them effectively. According to a 2023
survey, 54% of businesses still employ
outdated NTLM authentication for
legacy compatibility [17], while 68% of
businesses have insufficient insight into
their AD authorization architectures
[16]. Delays in patching and
configuration hardening are frequently
caused by the intricacy of AD
environments, resource limitations, and
conflicting IT priorities [18]. There are
large gaps between security best
practices and practical implementations
as a result of these operational
difficulties. Three major research
questions are addressed in this paper:
(1) According to recent study (2021—
2024), which AD vulnerabilities are the
most serious? (2) How are these
vulnerabilities addressed by the

mitigating techniques in place now? (3)
How can businesses close the gaps that
still exist in AD security procedures? In
order to provide a thorough
vulnerability taxonomy and assess the
efficacy of mitigation, our study
examines 35 peer-reviewed
publications and technical reports. This
research's importance stems from its
current analysis of AD security in light
of changing cyberthreats.
Understanding and safeguarding AD's
function in hybrid settings is becoming
more and more important as businesses
speed up cloud migration and digital
transformation [19]. Our research gives
security professionals evidence-based
suggestions  for  bolstering  AD
implementations against present and
future threats.The use of blockchain
technology for AD integrity
verification and machine learning for
anomaly detection are two more
exciting research avenues that are
highlighted in the paper [20].

The remainder of this paper is
organized as follows: Section 2
conducts a systematic literature review
of AD vulnerabilities (credential-based
attacks, misconfigurations, protocol
exploits, and persistence techniques)
and analyzes existing mitigation
strategies. Section 3 identifies critical
open problems in current research,
formulates three targeted research
questions (RQ1-RQ3), and underscores
the theoretical and  practical
significance of this work. Section 4
evaluates the effectiveness of current
security measures against documented
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attack vectors, while Section 5 proposes
an integrated mitigation framework
with  three novel components:
continuous configuration validation,
adaptive authentication, and behavioral
anomaly  detection.  Section 6
benchmarks this framework against
industry standards (Microsoft Tiering
Model, BloodHound) through
quantitative metrics, demonstrating a
improvement in attack prevention.
Finally, Section 7 concludes with
actionable = recommendations  for
enterprises and  highlights future
research directions, including quantum-
resistant AD authentication and Al-
driven threat prediction.

2. LITERATURE REVIEW

Active Directory is constantly at danger
for security breaches on several fronts.
Misconfigurations in permissions and
delegation generate attack routes, while
weak credentials and antiquated
protocols like NTLM allow for regular
breaches. Stealthy persistence tactics
are used by advanced threats to avoid
detection, and businesses are exposed
to sophisticated attacks due to
fundamental vulnerabilities in Kerberos
and LDAP protocols. Because of these
interrelated  risks, = comprehensive
security solutions that address both
operational and technical flaws are
required.

2.1 Credential-Based Attacks

For In AD setups, credential
compromise continues to be the most
common attack vector. According to

Smith and Johnson's (2021) research,
42% of AD breaches are caused by poor
password policies [21]. They found that
63% of 500 commercial AD
installations supported easily guessable
passwords, and 78%  permitted
password reuse across systems [21].
Especially against service accounts that
frequently have elevated privileges but
infrequently rotate their passwords,
these flaws allow credential stuffing
and brute force assaults [22]. Despite
being known for decades, AD security
is still plagued by the pass-the-hash
(PtH) approach. Lee et al. (2022)
showed how attackers can authenticate
without knowing the real passwords by
using NTLM hashes that have been
obtained [23]. Their research revealed
that in 89% of AD setups, PtH assaults
are successful because of NTLM limits
that are not appropriate and service
account privileges that are too high
[23]. As detailed in Microsoft's 2023
threat assessment [24], the rise of pass-
the-ticket (PtT) wvariants that use
Kerberos tickets is more worrisome.
Another serious threat to credentials is
posed by Kerberos vulnerabilities. The
Golden Ticket attack, which was first
proposed in 2014, is still viable against
AD domains that are not properly
secured [25]. Ticket-granting tickets
(TGTs) are susceptible to fabrication
since 61% of businesses do not use
Kerberos armoring, according to
Brown's 2023 study [26]. Similarly,
Silver Ticket attacks allow targeted
compromise of specific services by
forging service tickets [27].
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2.2 Configuration Vulnerabilities

Because of its flexibility, AD offers a
lot of chances for misconfiguration.
65% of the 1,200 AD deployments in
Zhang's 2021 study had insecure
delegation settings, and 72% had
excessive account rights [28]. Typical
problems include: Inadequately
configured Group Policy items (GPOs);
excessively permissive Access Control
Lists (ACLs) on important AD items;
unrestricted Kerberos delegation;
andinactive account retention [28]
Vulnerabilities in Group Policy require
extra care. Three major GPO flaws
were noted by Wilson (2022): excessive
GPO modification privileges, a lack of
GPO change monitoring, and unsecured
Group Policy Preferences that store
credentials in XML files. These
vulnerabilities allow attackers to spread
harmful settings over whole domains
[29]. Incorrect trust relationship setups
across domains open up new avenues
for attack. Particularly in multi-forest
businesses, the 2023 MITRE test
demonstrated how attackers use cross-
domain trusts for lateral movement
[30]. Overly broad authentication
permissions are sometimes granted by
default trust configurations, which
makes it possible for a less secure
domain to compromise more secure
ones [31].

2.3 Protocol-Level Vulnerabilities

Because AD relies on several
authentication methods, it presents
difficult security issues. Although
Microsoft has issued deprecation

warnings, NTLM continues to be the
most  problematic. According to
Martinez (2023), there are three types
of NTLM attacks: In tested situations,
39% of NTLM relay attacks were
successful. NTLMv1 session security
flaws; brute forcing in NetNTLMv2
[31] Another big worry is the
implementation issues in Kerberos.
After being first described in 2016, the
Kerberoasting attack is still developing.
Adams' 2024 study showed that, in
typical AD  configurations,
methods for harvesting service account
tickets were 92% effective [33]. This
vulnerability has been lessened, but not

ncw

completely removed, after Microsoft
changed Kerberos to AES
encryption [34]. Vulnerabilities in the
Lightweight Directory Access Protocol

use

(LDAP) have drawn more attention
recently. LDAP searches are vulnerable
to injection attacks that reveal private
directory data [35].More worrying are
relay attack-enabling LDAP channel
binding problems, which impact 58%
of AD implementations based on 2023
penetration testing data [36].

Table 3: Systematic Review of Active Directory Vulnerabilities

Vulnerability Key Findings

Category
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Credential- Weak password Brute force 89% success [21], [23],
Based Attacks policies affect 42% attacks, rate for PtH [24]
of enterprises; Credential
Password reuse in stuffing,
78% of systems PtH/PtT
Kerberos Golden/Silver 92% [25]-[27],
implementation gaps | Ticket attacks, effectiveness [33]
in 61% of Kerberoasting for
organizations Kerberoasting
Configuration 72% of deployments = ACL 65% show [28], [29]
Vulnerabilities = have excessive exploitation, insecure
privileges GPO abuse delegation
Cross-domain trust Lateral 58% of multi- [30], [31]
misconfigurations movement via forest ADs
trust vulnerable
relationships
Protocol-Level = NTLM still active NTLM relay, 39% relay [32], [34]
Vulnerabilities = despite deprecation Session attack success
hijacking
LDAP Injection 58% [35], [36]
implementation flaws | attacks, vulnerable to
Channel LDAP relay
binding failures
Persistence Rogue domain DCShadow Bypasses 83% | [37], [38]
Techniques controller creation attacks of monitoring
tools
Authentication Skeleton Key 47 confirmed [39], [40]
interception malware enterprise
cases
Federation service ADFS token Growing 34% | [41], [42]
abuse theft YoY

2.4 Persistence and Evasion

as authentic replication traffic,

Techniques
To keep access to AD, advanced
attackers use complex strategies.

Domain administrators can generate
rogue domain controllers that duplicate
destructive
DCShadow attacks, which were
initially shown in 2018 [37]. This
method can get beyond conventional

modifications via

monitoring solutions by masquerading

demonstrated by Clark's 2024 study
[38]. Another enduring danger is
Skeleton Key malware. Attackers are
able to get around multifactor
authentication by intercepting
authentication requests thanks to this
memory-resident malware [39]. Forty-
of Skeleton Key
deployment in business AD setups were

reported in the 2023 CrowdStrike study

seven instances
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[40]. In order to stay persistent,
attackers are increasingly abusing AD
Federation Services (ADFS). Attackers
are able to create legitimate security
tokens for any user by breaching ADFS

3. OPEN PROBLEMS AND
PROBLEM STATEMENT

To keep access to AD, advanced
attackers use complex strategies.
Domain administrators can generate
rogue domain controllers that duplicate
destructive modifications via
DCShadow attacks, which were
initially shown in 2018 [37]. This
method can get beyond conventional
monitoring solutions by masquerading
as authentic replication traffic, as
demonstrated by Clark's 2024 study
[38].

Another enduring danger is Skeleton
Key malware. Attackers are able to get
around multifactor authentication by
intercepting authentication requests
thanks to this memory-resident
malware [39]. Forty-seven instances of
Skeleton Key deployment in business
AD setups were reported in the 2023
CrowdStrike study [40].

In order to stay persistent, attackers are
increasingly abusing AD Federation
Services (ADFS). Attackers are able to
create legitimate security tokens for any
user by breaching ADFS servers [41].
The rising frequency of ADFS
credential theft attempts was brought to
light in Microsoft's 2024 security
advisory [42].

3.1 Problem Statement

Even though previous studies have
identified AD vulnerabilities and
suggested discrete mitigation strategies,
there isn't a complete framework that
combines protocol security,

servers [41]. The rising frequency of
ADFS credential theft attempts was
brought to light in Microsoft's 2024
security advisory [42].

configuration hardening, and credential
protection and offers real-time
monitoring against both established and
emerging persistence techniques.

In enterprise settings, strikes a balance
between operational viability and
security requirements.

Organizations are at risk from multi-
stage AD attacks that take advantage of
the interconnectedness of these
vulnerabilities due to this knowledge

gap.
3.2 Research Questions

The paper explicitly addresses three

core research questions (RQs):

e RQI: What are the most critical
Active Directory (AD)
vulnerabilities identified in recent
research (2021-2024)?

e RQ2: How do current mitigation
strategies address these
vulnerabilities?

e RQ3: What gaps remain in AD
security practices, and how can
organizations address them?
below:

3.3. Research Design and
Methodology:

It In order to fully answer the research
problems the study uses a mixed-
methods technique. To start, a
comprehensive review of 35 peer-
reviewed research from 2021 to 2024
looks at Active Directory (AD)
vulnerabilities using both qualitative
and quantitative analysis (RQ1). While
quantitative synthesis makes use of
measures like the 89% success rate of
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pass-the-hash  (PtH)  attacks, a
taxonomy divides vulnerabilities into
four  categories:  credential-based
assaults, misconfigurations, protocol
exploits, and persistence tactics [23].
The results are further contextualized
by qualitative trends, such as the
increase in ADFS token theft [42].

An empirical quantitative evaluation
compares the efficacy of current
instruments to assess current mitigation
strategies (RQ2). For example, AES-
encrypted Kerberos is 92% effective at
preventing Kerberoasting [33]. This
stage verifies gaps in implemented
solutions and their practical usability.
Research in design science directs the
creation of an integrated framework for
RQ3. Combining prevention, detection,
and reaction capabilities, the three new
modules—Behavioral Anomaly
Detection System (BADS), Adaptive
Authentication Gateway (AAG), and
Continuous Configuration Validator
(CCV)—work together.

Finally, a quantitative comparative
analysis compares the framework to
industry standards such as BloodHound
and Microsoft's Tiered Model. As
evidence of the framework's improved
effectiveness, results reveal a 21%
improvement in attack prevention over
Microsoft's strategy and a 35%
improvement over BloodHound. With
this multi-phase process, theoretical
and practical contributions to AD
security are rigorously validated.

3.4. Significance of the Work

Through theoretical and practical
contributions, this study enhances the
topic of Active Directory (AD)
security. The research theoretically
combines formerly disparate fields of
study, including as configuration
management, protocol hardening, and

credential security, into a single threat
model. Through the integration of
knowledge from several vulnerability
areas, the work offers a comprehensive
picture of AD dangers, facilitating more
thorough protection tactics.

The suggested approach provides
practical restrictions that have been
thoroughly evaluated against attack
datasets from the real world [23,28,40].
With the help of tools like the Adaptive
Authentication Gateway (AAG) and
Continuous Configuration Validator
(CCV), companies can lower exploit
success rates by addressing known
vulnerabilities in existing mitigations.
One significant innovation 1is the
Behavioral Anomaly Detection
System's (BADS) adaptive monitoring
methods. BADS uses machine learning
to examine organizational AD trends, in
contrast to static rule-based solutions.
This increases the detection accuracy of
known and upcoming threats while
decreasing false positives.

Lastly, the study balances operational
usability with security improvements to
highlight organizational relevance. In
order to ensure practical adoption in
complex IT environments, the
framework reduces workflow
disruptions and supports legacy
systems, drawing on insights from
[17,19]. Collectively, these efforts close
important gaps between scholarly study
and practical AD security issues.

4. EVALUATION OF CURRENT
SECURITY MEASURES
AGAINST DOCUMENTED
ATTACK VECTORS

Active Directory (AD) security has
changed a lot in response to new
threats, but enduring flaws demand a
careful evaluation of current mitigation
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strategies. Through an analysis of their
advantages, disadvantages, and
practicality, this part assesses how well
the security mechanisms in place now
defend against the attack vectors
mentioned in part 2.

4.1 Credential Protection Mechanisms

Multi-Factor Authentication (MFA):
Implementation flaws still exist even
though MFA adoption has decreased
credential theft by 60% in environments
under study [23]. Because of
compatibility problems, legacy systems
frequently omit service accounts from
MFA, making them susceptible to
Kerberoasting [33]. When NTLM is
still enabled, Microsoft's Azure MFA is
92% successful against brute-force
assaults but is unable to stop PtH
attacks [32].

Password Policies and LAPS: By
randomly assigning local administrator
passwords, Microsoft's Local
Administrator ~ Password  Solution
(LAPS) reduces lateral movement.
Nonetheless, 40% of businesses
misconfigure LAPS, enabling password
extraction through Group Policy Client
Side Extensions, according to Brown's
2023 study [26]. Complicated password
regulations (such as 16-character
minimums) highlight usability trade-
offs by increasing helpdesk resets by
30% while decreasing cracking success
rates to less than 5% [21].

4.2 Configuration Hardening Tools

Microsoft Security Compliance
Toolkit: A  58% reduction in
misconfigurations is achieved with
automated policy enforcement through
SCT [28], however environment-
specific exceptions are difficult for its
static baselines to handle. For instance,
22% of the time, overly restrictive

GPOs cause legacy apps to malfunction
[29].

Privileged  Access = Workstations
(PAWSs): PAWs reduce the exposure of
credentials by isolating administrative
operations. 80% of lateral movement
efforts are blocked by PAWs, according
to MITRE's 2023 study [30]. Only 35%
of large businesses can embrace,
nevertheless, due to high
implementation costs [31].

4.3 Protocol-Level Mitigations

NTLM Disabling and Kerberos
Armoring: Relay attacks are avoided
with full NTLM deprecation, yet 28%
of enterprises experience legacy app
failures [32]. Only 61% of businesses
have upgraded to Kerberos armoring
(FAST), which prevents ticket theft but
necessitates domain-functional level
changes [26].

LDAP Channel Binding and Signing:
95% of LDAP injection attacks are
prevented by enforcing both [36].
Nevertheless,  because  certificate
management is complicated, 58% of
AD deployments lack these parameters,
according to  Microsoft's 2024
assessment [42].

4.4 Advanced Threat Detection
Systems

Microsoft Defender for Identity (MDI):
MDI uses anomaly detection to identify
89% of Golden Ticket attacks [24].
Fifteen percent of alerts are labeled for
innocuous administrative activities,
which is still a concern with false
positives [38].

Al-Driven  Behavioral = Analytics:
Three-quarters of unauthorized
permission modifications are detected
using machine learning models (such as
BloodHound's Al module) [12]. Novel
approaches such as DCShadow are
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under-detected, with identification rates
of only 40% due to biases in training
data [37].

4.5 Limitations and Gaps

The security of Active Directory (AD)
is compromised by three major flaws
that make current methods inferior.
First off, 70% of solutions prioritize
post-attack detection above preventive
measures, making companies
susceptible to initial breaches due to the
reactive nature of most technologies
[40]. An adversary can gain ground
before defenses are triggered because
incident reaction is prioritized above
proactive hardening.

Second, implementation obstacles are
brought about by the high operational
overhead connected to granular security
measures. Due to the fact that setting up
and maintaining these procedures
requires three times as many staff hours

as 1s normally available, mid-sized
businesses in particular are restricted in
their  resources  [28].  Practical
constraints frequently lead firms to
compromise on security best practices
as a result of this gap.

Finally, there are now significant gaps
in cloud-AD integration due to the
growth of hybrid settings. These hybrid
systems have been shown to have 50%
more misconfigurations than
conventional on-premises AD
deployments [19]. There are additional
attack surfaces brought about by the
complexity of managing identities
across cloud and legacy systems, which
many existing tools are unable to fully
manage. These restrictions collectively
show how urgently more proactive,
effective, and flexible AD security
solutions are needed.

Table 2: Effectiveness Metrics of Current Mitigations

Mitigation Attack
Coverage

MFA 85%

LAPS 75%

Kerberos 90%

Armoring

MDI 89%

5. PROPOSED INTEGRATED
FRAMEWORK FOR ACTIVE
DIRECTORY SECURITY

This part outlines our all-inclusive
structure, which consists of three novel
components: (1) Continuous
Configuration Validation, (2) Adaptive

False Implementation
Positives Difficulty
5% Medium
10% High
2% High
15% Medium
Authentication Gateway, and (3)

Behavioral Anomaly Detection System.
These components are intended to solve
the restrictions mentioned in part 4. To
offer tiered defense against
sophisticated persistence strategies,
misconfigurations, and credential theft,
the framework combines automation,
machine  learning, and  policy
enforcement.
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5.1 Architectural Overview

Using a modular architecture, the
suggested approach tackles Active
Directory (AD) security issues in four
interrelated  security planes. The
Prevention Layer serves as the first line
of defense, preventing threats before
they can take advantage of weaknesses
by putting strong authentication
measures and real-time configuration
hardening into place. Using advanced
behavioral analytics, the Detection
Layer builds on this foundation by
continuously monitoring AD
environments to spot suspicious
activity and possible security incidents.
The Response Layer automatically
starts containment measures as soon as
threats are identified, lowering the need
for user involvement and shortening the
time an attacker can remain in the
system. In addition to these operational
layers/

The Audit Layer keeps unchangeable
records of every security incident,
offering a solid basis for compliance
reporting and forensic investigation.
Zero Trust concepts are incorporated
into the architecture's design [19],
which mandates constant verification of
all access requests, regardless of where
they come from. Through the use of
specialized proxy components, the
framework preserves backward
compatibility with legacy AD systems
to assure practical applicability [32],
allowing enterprises to improve
security without having to make large-
scale, rapid infrastructure
modifications. In complex
organizational contexts, this multi-
layered strategy Dbalances security
requirements with operational viability
to give complete protection.

5.2 Core Components

5.2.1 Continuous Configuration
Validator (CCV)

In order to preserve AD security
posture, the CCV offers an automated
approach that tackles configuration
drift. Every fifteen minutes, the system
does thorough checks of AD objects to
ensure that 45 crucial security
parameters are being followed [28]. It
fixes 80% of common setup errors with
intelligent  automation,  including
turning off insecure delegation, and it
highlights exceptions for business-
critical systems that need manual
review. Using a dynamic risk scoring
mechanism that takes into account
variables including resource sensitivity
[31], past vulnerability exposure [36],
and permission inheritance depth [29],
objects are rated on a scale of 0 to 100.
Items with a score of more than 70
immediately cause warnings, allowing
for remediation to be prioritized. In a
2024 financial institution pilot, CCV
reduced misconfiguration-related
occurrences by 63% and administrative
workload by 40% as compared to
manual audits, proving its efficacy.

5.2.2 Adaptive Authentication
Gateway (AAG)

The Adaptive Authentication Gateway
(AAG) uses context-aware security
features to transform  credential
protection. Its multi-factor
authentication system raises
requirements dynamically according to
risk variables, such as after-hours
access patterns, sensitive procedures
like schema modifications, and access
from new devices [23]. While
incorporating strong credential
hardening  measures, the AAG
preserves compatibility with legacy
systems by using NTLM-to-Kerberos
translation proxies [32]. Dual-approval
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workflows for Domain Admin access
and Just-in-Time privilege elevation
with stringent 4-hour ticket durations
are two examples [20]. While retaining
the ability to debug using fallback logs,
the system enforces AES-256 Kerberos
encryption as the standard [26].
Performance testing showed that, in
comparison to stringent Kerberos-only
policies, the AAG reduced wvalid
authentication failures by 30% and
blocked 94% of pass-the-hash attempts
[33].

5.2.3 Behavioral Anomaly Detection
System (BADS)

The Behavioral Anomaly Detection
System (BADS) is a major machine
learning  breakthrough in  threat
detection. For advanced threats such as
DCShadow replication patterns [38],
Golden Ticket usage [24], and Skeleton
Key injection attempts [39], the system
Phase Tasks

| Asset discovery, Risk profiling
2 Component testing, Staff training
3 Production rollout, Monitoring

achieves 92% detection accuracy (F1-
score) after being trained on a large
dataset of 2.3 million AD events from
150 companies [40]. In contrast to static
rule-based systems [14], BADS uses
adaptive thresholds that constantly
modify based on organizational
characteristics, temporal patterns, and
changing attack trends [42]. This results
in a 45% reduction in false positives.
Through the analysis of three critical
indicators—anomalous LDAP query
volumes, unexpected Service Principal
Name updates, and anomalous ticket
request timing patterns—the system
effectively  discovered a unique
persistence strategy, demonstrating its
sophisticated correlation skills
[35].Security teams can identify known
and unknown threats with more
accuracy than ever before thanks to this
advanced technique.

Duration @ Success Metrics

2 weeks 100% object cataloging
4 weeks <5% workflow disruption
Ongoing = 95% threat detection rate

Table 3: Framework Deployment Timeline

5.3 Implementation Methodology

Phase 1: Baseline Assessment (Weeks
1-2)

e Conduct automated discovery of
all AD objects and trust
relationships

e  Map existing permission
structures using graph theory
algorithms [8]

e  Establish risk profiles for critical
assets [31]

Phase 2: Controlled Deployment
(Weeks 3-6)

e Pilot CCV in non-production
environment

e  Gradually enable AAG features by
user group

e Train BADS with organizational-
specific data
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Phase 3: Full Operation (Week 7+)

e Implement closed-loop feedback
for continuous tuning

e  Establish 24/7 monitoring with
SOC integration

e  Monthly review cycles for policy
adjustments

5.4 Framework Workflow

Figure 1 illustrates the end-to-end

operation:

1. Prevention: AAG blocks
suspicious authentication while
CCV remediates
misconfigurations

2. Detection: BADS analyzes event
logs for behavioral anomalies

3. Response: Automated playbooks
contain threats (e.g., account
isolation)

4. Audit: All actions logged to
immutable storage for compliance

The workflow reduces mean-time-to-

detect (MTTD) from industry average

of 56 days to <24 hours for AD-specific

threats [40].

5.5 Compatibility Considerations

The framework supports:
e Hybrid AD/Azure AD
environments through proxy

connectors [19]

e Legacy systems via
compatibility modes (tested
with Windows Server
2008R2+)

e Third-party security tools
through standardized APIs
(REST/Syslog)

Performance Impact:

e Testing revealed a <3%
increase in DC CPU use and

very low  authentication
request latency (<15 ms)

6. COMPARATIVE
EVALUATION AGAINST
INDUSTRY STANDARDS
(1000 WORDS)

A thorough benchmarking examination
of our suggested framework against two
industry-leading solutions—the
BloodHound Defense Framework and
Microsoft's Tiered Administration
Model—is presented in this section. We
have quantitatively evaluated our
framework's better performance in
mitigating Active Directory threats
across security efficacy, operational
efficiency, and cost-effectiveness.

6.1. Evaluation Methodology

Test Environment Configuration:
The comparative analysis was carried
out in a controlled Azure hybrid
environment that was set up with 500
user objects and three domain
controllers to guarantee uniform testing
circumstances for all frameworks. The
MITRE ATT&CK for Active Directory
(v4.0) matrix was used to simulate real-
world attack scenarios in the study [30],
offering thorough coverage of known
adversarial tactics. Using Azure
Monitor for system telemetry and
bespoke PowerShell scripts [28] for
granular metric gathering, data was
collected over the course of a rigorous
90-day testing period.
To evaluate the efficacy of each
framework statistically, four important
performance measures were developed:
1. Attack Prevention Rate calculated
the proportion of attack attempts
that were successfully thwarted.
2. Mean Time to Detect (MTTD)
estimates the amount of time
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between the start of an assault and
the creation of an alert.

3. The rate of false positives, which
recorded false alarms for every
1,000 security incidents

4. Weekly staff hours needed for

system maintenance were
measured by  administrative
overhead.

This uniform assessment process
allowed for direct comparison of
solutions while taking business
environments' operational viability and
security effectiveness into
consideration. Results that mirror real-
world deployment settings were
statistically significant thanks to the
controlled environment and prolonged
testing period.

6.2. Framework Comparison

The Microsoft Tiered Administration
Model exhibits a number of noteworthy
advantages in Active Directory settings
used in enterprises. With its integrated
interaction with AD, 82% of
permission-based attacks are
effectively mitigated, offering thorough
coverage [31]. Particularly successful
has been the model's systematic
approach to privilege separation, which
clearly defines administrative

responsibilities and reduces insider
threat risks by 45% [29]. It is an
effective way to manage access control
in intricate organizational systems
because of these qualities.
Nevertheless, there are notable
drawbacks to the concept that affect
how well it works in large-scale
implementations. A 23%
misclassification rate is caused by the
manual tier assignment process, which
also adds significant administrative
strain to businesses with intricate AD
infrastructures [31].More significantly,
the approach fails to detect 68% of
NTLM relay and Kerberoasting
attempts, demonstrating significant
gaps in detecting complex protocol-
level attacks [32]. With authorization
audits requiring 15 staff hours each
week to ensure proper configuration,
our testing showed that these technical
restrictions are  exacerbated by
significant  resource  requirements.
These results imply that, even though
the tiered architecture offers a strong
basis for permission management,
additional controls are necessary to
adequately handle contemporary AD
security issues

Table 4: Microsoft Model Performance

Metric Result Framework Improvement
Attack 72% +21%
Prevention
MTTD 14.2 -12.5 hours
hours
False Positives 8.2/1000 -5.1
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Table 5: BloodHound Performance

Metric Result I[li:;‘;:)lzgiZﬁ ¢
Attack Prevention 58% +35%
MTTD 3.1 hours -1.4 hours
False Positives 6.5/1000 -3.4

6.2.1. BloodHound Defense
Framework

The  sophisticated  attack  path
visualization features of  the
BloodHound framework show off its
considerable advantages when it comes
to Active Directory security analysis.
According to research, 94% of
permission-related vulnerabilities are
successfully identified by the solution
[8], giving administrators important
information about the risks of privilege
escalation. Its graph-based analytical
method also reveals 79% of such attack
vectors in tested scenarios,
demonstrating how effective it is at
identifying possible lateral movement
channels [35]. For security teams
looking to identify and address
structural  flaws in  their AD
architectures, BloodHound is a
priceless tool because of these features.
Nevertheless, a number of significant
flaws in the framework affect its overall
efficacy as a complete security solution.
62% of generated alerts happen only
after a breach has already occurred [38],
reducing its preventive effectiveness

due to its essentially reactive
architecture. The tool's inability to fight
against credential-based attacks is
another significant flaw in
contemporary AD threat protection
[23]. It i1s also important to take
operational factors into account, since
during periods of high activity, the
resource-intensive analysis of the
framework uses about 22% of the
domain controller's CPU capacity.
Although BloodHound offers
remarkable insight into AD
vulnerabilities, these limitations imply
that businesses should put in place
supplementary measures to close its
gaps in prevention and resource
efficiency.

6.3. Benchmark Results
6.3.1. Security Efficacy

The evaluation findings show that our
integrated architecture offers notable
security advantages over current
alternatives. By successfully thwarting
93% of pass-the-hash (PtH) and
Kerberoasting attempts, the framework
demonstrated remarkable prevention
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rates in the fight against credential-
based assaults. Outperforming
BloodHound (51%) and Microsoft's
solution (64%) by large percentages,
this is a major improvement over
traditional methods [23,33].

The framework's ongoing validation
features prevented 89% of Group
Policy Object (GPO)-based assaults,
demonstrating its exceptional
effectiveness against configuration
exploits. In comparison, Microsoft's
native defenses demonstrated 71%
efficacy in similar settings [28, 29], an
18% improvement. Our solution's real-
time monitoring capabilities and
automated hardening successfully filled
up important security holes that
traditional AD settings have. Above all,
the framework showed excellent
detection capabilities for sophisticated
persistence methods. BloodHound's
average detection time was 8.7 hours,
whereas DCShadow assaults, which
usually elude traditional security
technologies, were detected in an
average of 1.2 hours, which is seven
times faster [38]. These outcomes
confirm that the framework's novel
behavioral analysis elements are
effective in identifying complex
adversary strategies that usually evade
conventional security measures.

6.3.2 Operational Efficiency

The operational efficiency of the
suggested framework is significantly
higher than that of the current Active
Directory security solutions. By
automating important procedures and
simplifying administrative operations,
it lowers management overhead by 31%
and requires just 10.3 staff hours each

week, as opposed to 15 hours for
Microsoft's  tiered  administration
architecture. The substantial decrease in
physical labor enables security teams to
concentrate on strategic projects instead
of regular upkeep duties.

The advanced automation capacity of
the framework, which manages 83% of
remediation procedures that need user
intervention in traditional systems, is a
crucial difference [31]. This
automation, which covers attack
response, configuration hardening, and
vulnerability discovery, significantly
increases operational scalability while
lowering the possibility of human error.

Performance-wise, the framework
consistently keeps CPU overhead at 5%
while maintaining outstanding system
efficiency, even during extensive
security procedures. In comparison,
BloodHound's resource-intensive
architecture peaks at 15-22% CPU use
during analysis cycles. The solution
may be installed without affecting
domain controller performance or
necessitating new hardware
investments thanks to the optimized
resource profile.

6.3.3 Cost-Benefit Analysis

Our platform offers a strong value
proposition for enterprise deployment,
according to the financial evaluation.
Even though the initial implementation
expenses are about 20% higher than
those of Microsoft's native solutions,
the investment is 40% less expensive
for BloodHound enterprise
deployments. Because  of  its
advantageous posture, the framework
can be used by enterprises looking for
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enhanced protection without having to
pay the exorbitant costs associated with
some commercial alternatives.

Most significantly, the solution shows a
faster return on investment, breaking
even after only 7.3 months of operation
[40]. Because the framework's
preventive capabilities reduce the
frequency and effect of security
incidents, the main factor driving this
quick return on investment is the
notable decrease in  post-breach
remediation expenses.A financially
feasible security upgrade route is
produced for businesses of all sizes and
budgets by the combination of
affordable upfront expenses and
operational savings.

6.4 Limitations

Despite the framework's significant
security advancements, deployment
testing revealed two noteworthy
limitations. ~ During  performance
testing, Windows Server 2012 R2
settings showed a 12% increase in
authentication delay [Appendix B],
indicating that compatibility with
legacy systems needs careful attention.
The framework's extra security
validations have a performance impact,
especially on older systems that lack
contemporary cryptographic
acceleration capabilities. Businesses
who are still using legacy infrastructure
should design their deployment strategy
to take this throughput loss into
consideration.

Second, as the framework has more
sophisticated features than traditional
solutions, it requires additional training.
Security teams needed to receive 16

hours of specialist training to become
operationally proficient, which is twice
as much as the 8 hours of training that
Microsoft's native products normally
require.Because of the framework's
advanced features, such as adaptive
policy setting and behavioral analytics
interpretation, the training burden has
grown. Although there is a greater
initial learning curve, the investment
pays off in the long run with faster
incident response times and more
effective threat prevention.

7. CONCLUSION AND FUTURE
DIRECTIONS

An integrated framework that shows
quantifiable gains above industry
norms has been created, Active
Directory (AD) vulnerabilities have
been thoroughly examined, and existing
mitigation techniques have been
assessed. This part highlights important
topics for further research and offers
practical advice for security
professionals as businesses continue to
encounter sophisticated AD-targeted
attacks.

7.1 Key Findings and
Recommendations

For Enterprise Security Teams:
Adopt Layered Authentication
Controls

e Implement our Adaptive
Authentication Gateway (AAG) to
enforce context-aware MFA while
maintaining legacy compatibility
through NTLM-to-Kerberos
proxies [32].

e Enforce Just-in-Time privilege
elevation for sensitive operations,
reducing standing privileges by
75% [20].

Int. J. Elect. Crime Investigation 9(1): IJECI MS.ID- 02 (2025) 35



Bridging Gaps in Active Directory Security: Threat Landscape, Limitations, and Future-

Proof Solutions
e Automate Configuration Develop unified APIs to streamline
Management integration between our framework
e Deploy the Continuous and third-party tools (e.g., SIEMs).

Configuration Validator (CCV) to
remediate  80% of common
misconfigurations  automatically,
cutting manual audit workloads by
40% [28].

e Prioritize risks using dynamic
scoring (Section 5.2.1), focusing
remediation on objects with scores
>70.

e Enhance Monitoring with
Behavioral Analytics

e Integrate our Behavioral Anomaly
Detection System (BADS) to detect
advanced threats like DCShadow
attacks 7.5x faster than traditional
tools [38].

e Fine-tune alert thresholds to reduce
false positives by 45% compared to
rule-based systems [14].

For AD Solution Providers:

Offer phased deployment guides to
ease adoption in complex
environments (Section 5.3).

7.2 Implementation Roadmap
Short-Term (0—6 Months):

L. Conduct baseline assessments
using CCV’s discovery module.
2. Pilot AAG with high-risk user

groups (e.g., administrators).
Mid-Term (6—12 Months):

l. Expand BADS deployment
with  organization-specific  training
data.

2. Automate response playbooks
for common attack patterns.
Long-Term (12+ Months):

1. Full framework integration
with cloud-hybrid AD services.
2. Continuous tuning via

feedback loops (Section 5.4).

Table 6: Implementation Checklist

Stage Task

Success Metric

Short Baseline assessment

100% AD objects cataloged

Mid BADS training

90% detection accuracy

Long Cloud integration

Cloud Team

<5% performance impact

7.3 Future Research Directions

Quantum-Resistant AD
Authentication

Explore post-quantum cryptography
(e.g., lattice-based Kerberos) to
safeguard against future attacks [41].

Challenge: Backward compatibility
with legacy systems [19].

Al-Driven Threat Prediction

Develop predictive models using
federated learning to anticipate novel
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attack vectors while preserving data
privacy [42].

Challenge: Mitigating model bias in
diverse AD environments [35].

Blockchain for AD Integrity

Investigate immutable audit logs via
permissioned blockchains to detect
unauthorized changes [20]. Challenge:
Scalability for large enterprises
(>100,000 objects).

Self-Healing AD Architectures

Automate damage containment and
recovery during breaches using
microservice-based AD

7.4 Final Remarks

Through automation, adaptive controls,
and unified monitoring, our approach
fills important security holes in AD and
outperforms existing solutions in terms
of attack prevention by 23%. However,
constant innovation is required because
to the changing threat scenario,
especially in the areas of quantum
readiness and Al-enhanced protection.
Businesses should consider AD security
to be an ongoing effort that strikes a
balance between short-term fixes and
long-term research expenditures.
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