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Abstract 

Crack-width control is a critical serviceability limit state (SLS) requirement in reinforced concrete (RC) structures, as 

excessive cracking can compromise durability and accelerate reinforcement corrosion. This study evaluates the accuracy 

of crack width prediction models within major international design standards. An experimental investigation was 

conducted on a RC beam subjected to four-point bending, where crack propagation, beam deflections, and reinforcement 

stresses were monitored throughout the loading process. The measured crack widths were compared with analytical 

predictions from Eurocode 2 (EN 1992-1-1), DIN 1045-1, and ACI-based formulations. The results indicate that while all 

evaluated codes capture the general trend of increasing crack width with rising steel stresses under incremental loading, 

significant discrepancies exist in their predicted magnitudes. In general, it is Eurocode 2 that consistently provides the most 

conservative estimates, whereas DIN 1045-1 yields slightly lower but also consistent values of the same. Conversely, ACI-

based approaches tend to underestimate crack widths at higher load levels. This study highlights the influence of modeling 

assumptions—specifically those related to bond-slip behavior, crack spacing, and tension stiffening—on the reliability of 

crack-width predictions. The results provide experimental evidence regarding the reliability and limitations of common 

predictive methods, contributing to a refined understanding of design rules for the serviceability of RC structures. 

Keywords: Crack width; Serviceability Limit State; Reinforced Concrete Beam; Eurocode 2; DIN 1045-1; ACI 318; ACI 224.1R. 

 

1. Introduction 

Cracking is an inherent phenomenon in reinforced concrete (RC) structures, occurring once tensile stresses exceed 

the tensile strength of concrete. Although cracking does not necessarily compromise structural safety, excessive crack 

widths may significantly reduce durability, accelerate reinforcement corrosion, and negatively affect serviceability and 

aesthetics. Permissible crack widths in reinforced concrete structures are typically limited to about 0.1–0.4 mm, 

depending on environmental exposure and durability requirements, and modern structural design codes therefore include 

provisions aimed at controlling crack widths at the serviceability limit state (SLS). 

Several international design standards provide analytical or empirical procedures for estimating crack widths in 

reinforced concrete members. Among the most widely applied are Eurocode 2 (EN 1992-1-1) [1], DIN 1045-1 [2], and 

the American standards ACI 318 [3] and ACI 224.1R [4]. These approaches differ substantially in their theoretical 

background and modeling assumptions. Eurocode-based formulations rely on mechanically derived relationships that 

incorporate bond interaction and tension stiffening effects, whereas ACI-based approaches are largely empirical 

expressions derived from regression analysis of experimental observations. 
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A considerable amount of research has been devoted to modeling crack formation and crack-width development in 

reinforced concrete members. Several experimental studies have investigated crack width development in reinforced 

concrete beams [5–7]. Analytical models based on the compatibility of stresses and strains were proposed by Kaklauskas 

(2004) [8], providing a theoretical framework for predicting crack development in RC elements. More recently, 

improved analytical formulations have been proposed to better represent tension stiffening and stress transfer 

mechanisms in cracked reinforced concrete members. For example, Sakalauskas & Kaklauskas (2023) [9] introduced a 

refined analytical model for crack-width prediction based on improved mechanical representation of stress transfer 

between reinforcement and surrounding concrete. 

In addition to analytical modeling approaches, several recent studies have evaluated the performance of crack-width 

prediction models implemented in international design codes. For instance, Van der Esch et al. (2024) [10] analyzed 

several crack-width formulations and demonstrated that different design standards may produce significantly different 

predictions depending on reinforcement configuration, concrete cover, and stress levels. Similar observations have been 

reported in other comparative investigations of international design codes. 

Despite the considerable research devoted to crack-width prediction, discrepancies between theoretical predictions 

and experimental measurements continue to be reported in the literature [8]. Many previous studies focus either on 

analytical comparisons of design code provisions or on numerical modeling of cracking behavior [10, 11]. More recent 

analytical and experimental investigations have also highlighted the importance of accurately representing stress transfer 

mechanisms in reinforced concrete members [9, 12]. However, direct experimental comparisons of crack-width 

predictions obtained from different international design codes under identical boundary conditions remain relatively 

limited in the literature. 

Therefore, further experimental validation of crack-width prediction models remains necessary in order to assess the 

reliability and applicability of existing design provisions used in structural engineering practice. The objective of this 

study is to evaluate the accuracy of crack-width prediction models implemented in Eurocode 2, DIN 1045-1, and ACI-

based formulations through a combined experimental, analytical, and numerical investigation of a reinforced concrete 

beam subjected to four-point bending. The experimentally measured crack widths are compared with analytical 

predictions obtained from the different design codes and with results from numerical modeling, allowing a 

comprehensive assessment of the accuracy and conservativeness of the considered crack-width prediction approaches. 

2. Research Methodology 

The overall research methodology adopted in this study is illustrated in Figure 1. 

 

Figure 1. Flowchart illustrating the research methodology adopted in this study 

3. Background on Flexural Cracking and Tension Stiffening 

3.1. A Stages of Flexural Cracking in Reinforced Concrete Members 

As illustrated in Figure 2, flexural cracking occurs when the tensile stress at the extreme tension fiber exceeds the 

concrete tensile strength, 𝑓𝑐𝑡𝑚  [13]. Prior to cracking (Stage I), the concrete and reinforcement jointly resist tensile 

forces; the section exhibits linear elastic behavior, assuming that plane sections remain plane. 
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Figure 2. Behavioral stages of a reinforced concrete beam (after Engström 2015 [14]) 

Following the initiation of cracking, distributed micro-cracks develop and subsequently localize into discrete flexural 

cracks that propagate from the tension face toward the neutral axis (stage II). At crack locations, tensile stresses in 

concrete are effectively relieved, and reinforcement carries the entire tensile force. Between adjacent cracks, tensile 

stresses are partially transferred from reinforcement back to surrounding concrete through an interfacial bond, producing 

the tension-stiffening effect and resulting in nonlinear moment–curvature behavior. 

As the load increases, the tensile reinforcement yields, accompanied by nonlinear compressive behavior of concrete 

(stage III). Ultimate failure occurs when the compression zone crushes at the ultimate bending moment (stage IV). From 

a serviceability perspective, structural performance is primarily governed by the stabilized cracking phase within stage 

II, where crack spacing becomes relatively uniform and crack widths can be meaningfully evaluated [15-17]. 

3.2. Parameters Influencing Crack Width and Tension Stiffening 

During the stabilized cracking stage, crack width is influenced by several interrelated parameters, including: 

• Steel stress under service loading, 

• Reinforcement diameter and spacing, 

• Concrete cover and effective tension area, and 

• Bond interaction between steel reinforcement and surrounding concrete. 

The contribution of concrete between cracks through bond interaction leads to tension stiffening, which reduces steel 

strain relative to a fully cracked section and plays a key role in controlling crack widths. Accurate modeling of this 

mechanism is therefore essential for reliable crack-width prediction [18]. 

Eurocode-based models explicitly incorporate these parameters through bond–slip-based formulations for crack 

spacing and crack width prediction. The effective reinforcement ratio and concrete cover are used to calculate the 

effective concrete area, which determines the extent of tension stiffening between cracks. 

In contrast, ACI 318 has historically relied on semi-empirical expressions, most notably the Gergely–Lutz 

relationship, developed from regression analysis of experimental crack-width observations. While computationally 

simpler, these formulations do not explicitly model bond–slip behavior and tension stiffening, leading to differences in 

predicted crack widths when compared with Eurocode-based approaches.  



Civil Engineering Journal         Vol. 12, No. 04, April, 2026 

1567 
 

4. Literature Review and Comparison with Previous Research  

A substantial body of research has investigated crack formation and crack-width prediction in reinforced concrete 

(RC) members. Early studies focused on the fundamental relationship between reinforcement strain, bond behavior, and 

crack spacing. Beeby (1979, 2004) [19, 20] demonstrated that classical crack-spacing relationships of the form 𝑠𝑟 ∝
𝜙/𝜌𝑒𝑓𝑓  often poorly correlate with experimental data unless the effects of concrete cover and bond characteristics are 

explicitly considered. These findings significantly influenced the development of Eurocode-style formulations based on 

effective reinforcement ratios and cover-dependent coefficients. 

Carino & Clifton (1995) [17] provided a comprehensive review of cracking mechanics and code-based approaches, 

highlighting the limitations of purely empirical formulations and emphasizing the importance of consistent modeling of 

tension stiffening and bond behavior. Kattilakoski (2013) [21] conducted a systematic comparison of the provisions of 

Eurocode 2, ACI 318, and DIN 1045-1 using representative beam and slab examples. The study showed that EC2 and 

DIN generally provide similar and slightly conservative crack-width predictions, whereas ACI 318 may allow larger 

crack widths for comparable reinforcement layouts, particularly when crack control relies mainly on bar-spacing 

limitations. 

Recent research has continued to evaluate and improve crack-width prediction models, including unified 

formulations for their prediction [22]. Liu & Lu (2024) [23] compared crack-width predictions across ACI 318, 

Eurocode 2, and the Chinese design code GB 50010. Their results found that while the overall development trends are 

similar, noticeable differences persist due to variations in theoretical assumptions and calculation procedures. 

Several studies have also investigated the performance of different crack-width formulations implemented in 

international design standards. Van der Esch et al. (2024) [10] and Terjesen et al. (2024) [24] evaluated multiple crack-

width calculation models, including those of Eurocode 2 and fib Model Code 2010 [25]. Their results indicated that no 

single method consistently provides accurate predictions for all geometries and reinforcement configurations. In 

particular, EC2 may overestimate crack widths in some cases and underestimate them in others, especially for members 

with large bar diameters and thick concrete covers. 

In addition to code-based comparisons, several researchers have proposed improved analytical and numerical models 

to better represent the cracking behavior of reinforced concrete. Kaklauskas (2004) [8] developed an analytical crack 

model based on the compatibility of stresses and strains in cracked RC members, incorporating tension stiffening effects. 

More recently, Sakalauskas & Kaklauskas (2023) [9] proposed an analytical formulation for crack-width estimation that 

emphasizes the role of stress transfer mechanisms between reinforcement and surrounding concrete. Other studies have 

investigated the influence of reinforcement ratio and concrete cover on crack development. Experimental research by 

Sokolov et al. (2025) [12] confirmed the significant role of reinforcement configuration and bond interaction in 

controlling crack spacing and crack width. 

Recent developments have also explored advanced modeling techniques. Gribniak et al. (2024) [18] investigated 

improved tension-stiffening models and showed that more accurate representation of concrete–steel interaction 

significantly improves crack-width predictions. Numerical approaches have also been applied to simulate crack 

development in reinforced concrete structures. Červenka et al. (2025) [13] demonstrated that nonlinear finite element 

models are capable of reproducing crack localization and propagation under increasing load.  

Recent studies have introduced data-driven approaches for crack-width prediction in reinforced concrete beams, with 

machine-learning techniques demonstrating improved predictive capability compared to traditional empirical models 

[26, 27]. Despite extensive research on crack-width prediction, discrepancies between theoretical models and 

experimental data are frequently reported in literature. Many studies focus either on analytical comparisons of design-

code provisions or on numerical modeling of cracking behavior. However, relatively few investigations integrate 

experimental testing, analytical code-based evaluation, and numerical simulation under identical boundary conditions. 

Therefore, further experimental validation of crack-width prediction models is essential to assess their reliability 

and applicability in practical structural design. This study contributes to the field through a combined experimental, 

analytical, and numerical investigation of crack-width development in a reinforced concrete beam subjected to four-

point bending. Measured crack widths are compared against predictions from Eurocode 2, DIN 1045-1, and ACI-based 

formulations, providing a comprehensive evaluation of the accuracy and conservatism of these diverse modeling 

approaches. 

5. Crack Width Prediction According to Design Codes 

5.1. Eurocode 2 (EN 1992-1-1, 2004) 

Eurocode 2 [20] evaluates the characteristic crack width 𝑤𝑘 as: 

𝑤𝑘 = 𝑠𝑟,𝑚𝑎𝑥 ∙ (𝜀𝑠𝑚 − 𝜀𝑐𝑚)  (1) 

where, 𝑠𝑟,𝑚𝑎𝑥  = maximum crack spacing, 𝜀𝑠𝑚 = mean steel strain, and 𝜀𝑐𝑚 = mean concrete strain between cracks.  
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The strain difference εsm- εsm can be expressed as: 

𝜀𝑠𝑚 − 𝜀𝑐𝑚 =
𝜎𝑠−𝑘𝑡

𝑓𝑐𝑡,𝑒𝑓𝑓
𝜌𝑝,𝑒𝑓𝑓

∙(1+𝛼𝑒∙𝜌𝑝,𝑒𝑓𝑓)

𝐸𝑠
≥ 0,6

𝜎𝑠

𝐸𝑠
  (2) 

where, σs is the stress in the tensile reinforcement in a cracked section: σs = M/(As· z), in which M is the bending moment, 
As is the area of reinforcing steel within the tensile zone, and z is the lever arm of internal forces; αe is the ratio Es / Ecm, 

where Es is the modulus of elasticity of the steel reinforcement and Ecm  is the mean modulus of elasticity of the concrete; 

kt is a factor dependent on the load duration: 𝑘𝑡 = 0,6 for short-term loading and 𝑘𝑡 = 0,4 for long-term loading; p,eff  

is the effective reinforcement ratio: 𝜌𝑝,𝑒𝑓𝑓 = (𝐴𝑠 + 𝜉1𝐴𝑝
′ )/𝐴𝑐,𝑒𝑓𝑓 , where Ap' is the area of pre- or post-tensioned tendons 

within Ac,eff; Ac,eff is the effective area of concrete in tension: Ac,eff  = b·hc,eff  where b is the section width and hceff  is the 

effective height, taken as the minimum of 2.5(h-d), (h-x)/3, or h/2 (see Figure 3); 𝜉1is the adjusted bond strength ratio 

accounting for different diameters of prestressing and reinforcing steel: 𝜉1 = √𝜉 𝜙𝑠 𝜙𝑝⁄2 , where 𝜉 is the ratio of bond 

strength of prestressing and reinforcing steel, 𝜙𝑠is the largest bar diameter of reinforcing steel, 𝜙𝑝  is the equivalent 

diameter of tendon. 

 

Figure 3. Effective tension area in reinforced concrete members: typical cases according to EN 1992-1-1 (2004) [20] 

It is a characteristic of individual cracks that the strains in the reinforcement and concrete at the ends of the maximum 

crack spacing are equal (see Figure 4).  

 

Figure 4. Strain distribution in concrete and reinforcement at individual cracks according to practical design provisions of 

Eurocode 2 (EN 1992-1-1, 2004) [1] 
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The maximum crack spacing depends on the reinforcement layout. When bars are closely spaced (𝑠 ≤ 5(𝑐 + 𝜙/2)), 
the maximum spacing is given by: 

𝑠𝑟,𝑚𝑎𝑥 = 𝑘3 ∙ 𝑐 + 𝑘4 ∙ 𝑘1 ∙ 𝑘2 ∙ 𝜙/𝜌𝑒𝑓𝑓   (3) 

where 𝑐  is the concrete cover; 𝜙 is the bar diameter; k1 is a coefficient reflecting the bond properties of the 

reinforcement: k1 = 0.8 for high bond (deformed) bars and k1 = 1.6 for smooth bars; k2 is a coefficient representing the 

strain distribution across the section: k2 = 0.5 for member in pure bending and k2 =1.0 for sections in axial tension 

section; k3 and k4 are constants, typically taken as 3.4 and 0.425, respectively; p,eff  is the effective reinforcement ratio. 

When the bar spacing exceed 5(c + ϕ/2), (see Figure 5) the maximum crack spacing is approximated as: 

𝑠𝑟,𝑚𝑎𝑥 = 1,3 ∙ (ℎ − 𝑥)  (4) 

where, x is the neutral axis depth and h is the overall depth of the cross-section. 

 

Figure 5. Maximum crack width, 𝒘, at the concrete surface as a function of the distance from the reinforcing bar (EN 1992-

1-1, 2004) [1] 

Concrete tensile strength contributes to the structural response through tension stiffening, which is accounted for by 

using reduced steel stresses in the cracked section. EN 1992-1-1 specifies limiting crack widths based on the exposure 

class (typically 0.1–0.4 mm). 

5.2. DIN 1045-1 

DIN 1045-1 [2] adopts a conceptually similar formulation to Eurocode 2, also basing crack spacing on the effective 

reinforcement ratio and concrete cover, with coefficients calibrated from German experimental data [28]. Certain 

provisions allow for indirect crack control solely via bar spacing, particularly for members in moderate exposure classes. 

Alternatively, the crack width limitation can be verified by direct calculation using Equation 1. The maximum crack 

spacing may be calculated according to Equation 5: 

𝑠𝑟,𝑚𝑎𝑥 = 𝜙/(3,6 ∙ 𝜌𝑒𝑓𝑓 ) ≤ 𝜎𝑠 ∙ 𝜙/(3,6 ∙ 𝑓𝑐𝑡,𝑒𝑓𝑓 )  (5) 

where, sr,max is the maximum distance between two consecutive cracks; fct,eff  is the effective tensile strength of concrete 

(often taken as the mean tensile strength, fctm); σs is reinforcement stress at the crack location; 𝜙 is the bar diameter; ρp,eff  

is the effective reinforcement ratio, defined as ρp,eff  = (As+ξ1
2A’p)/Ac,eff  (as in EC-2 [1]). 

The difference between the mean strains of the concrete and reinforcing steel is calculated as follows: 

𝜀𝑠𝑚 − 𝜀𝑐𝑚 =
𝜎𝑠−0,4

𝑓𝑐𝑡,𝑒𝑓𝑓
𝜌𝑒𝑓𝑓

∙(1+𝛼𝑒∙𝜌𝑒𝑓𝑓)

𝐸𝑠
≥ 0,6

𝜎𝑠

𝐸𝑠
  (6) 

where, σs is the reinforcement stress at the crack location; αe is the modular ratio, defined as Es / Ecm, where Es is the 

modulus of elasticity of the steel reinforcement and Ecm is the mean modulus of elasticity of the concrete. 
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Unlike EC2, the DIN formulations do not explicitly consider load duration; a single factor of 0.4 is applied. 

5.3. ACI 318 and ACI 224.1R 

Historically, the ACI approach uses the Gergely–Lutz equation, an empirical expression derived from over 900 

experimental crack measurements in beams [3, 29]. 

For members in bending, the maximum crack width is calculated as: 

𝑤𝑚𝑎𝑥 = 11,0 ∙
ℎ2

ℎ1
∙ 𝜎𝑠 ∙ √𝐴 ∙ 𝑑′3

∙ 10−6 (𝑚𝑚)  (7) 

where 𝜎𝑠 is the steel stress at the crack location (N/mm2); ℎ1 the distance of the neutral axis to the centroid of the tensile 

reinforcement (mm); ℎ2 is the distance from the neutral axis to tension face (mm) (see Figure 6); 𝐴 is the effective tensile 

cross-sectional area per bar (mm2), defined as A=2bc/ns for members in bending, where ns is the number of reinforcing 

bars in the tensile zone; For pure tension, A = 2𝑑′s, where 𝑑′is the distance from the centroid of the first bar row of bars 

to the tension edge (mm) and s is the reinforcement spacing (mm). 

 

Figure 6. Examples for determining the effective tension area (adapted from EN 1992-1-1 [1]) 

For comparison with the EC2 predictions, the mean crack width is modified as follows: 

𝑤𝑚𝑎𝑥 = 8,3 ∙
ℎ2

ℎ1
∙ 𝜎𝑠 ∙ √𝐴 ∙ 𝑑′3

∙ 10−6 (𝑚𝑚)  (8) 

The characteristic crack width according to EN 1992-1-1 is expressed as: 

𝑤𝑘 = 𝛽 ∙ 𝑤𝑚 ≤ 𝑤𝑔  (9) 

where 𝛽 is a coefficient that accounts for the load type: β = 1.7 for imposed loads and β = 1.3 for imposed deformation; 

𝑤𝑚 is the mean crack width; 𝑤𝑔 is the limiting crack width. 

Later versions of ACI 318 emphasize indirect crack control via bar spacing and steel stress limits under service loads. 

However, ACI 224.1R continues to provide explicit formulas for maximum crack width: 

𝑤 = 2 ∙
𝜎𝑠

𝐸𝑠
∙ 𝛽 ∙ √𝑑𝑐

2 + (
𝑠

2
)

22

  (10) 

where 𝑑𝑐  is the concrete cover thickness to the centre of the nearest bar (mm); 𝑠 is the bar spacing (mm); 𝛽 is the ratio 

of the distance from the neutral axis to the centroid of the reinforcing steel.  

Compared to EC2 and DIN, ACI formulas are simpler and involve fewer parameters, though they are less directly 

linked to mechanical bond–slip models. The empirical nature of ACI formulations has been discussed in previous studies 

[30]. 
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6. Evaluation of Crack Width Predictions According to Design Codes 

To assess the accuracy of crack-width prediction models, analytical calculations were performed in accordance 

with the Eurocode 2 (EN 1992-1-1), DIN 1045-1, and ACI-based formulations. These standards employ distinct 

theoretical frameworks for estimating crack widths in reinforced concrete members. While Eurocode 2 and DIN 

1045-1 rely primarily on mechanically- based models that integrate parameters such as effective tension area, 

reinforcement ratio, and crack spacing, the ACI approach is primarily based on empirical relationships derived from 

experimental data. 

Calculations were performed using the actual geometry and reinforcement configuration of the tested reinforced 

concrete (RC) beam (as detailed in Table 2 and Figure 8). Material properties obtained from experimental testing- 

conducted in accordance with BS EN 12390-2:2019 [31, 32] - were adopted in the analytical evaluation to ensure 

consistency across the experimental, analytical, and numerical phases of the study. 

Table 1 summarizes the predicted crack widths according to Eurocode 2, DIN 1045-1, and ACI formulations across 

various load levels. Significant discrepancies in the magnitude of predicted crack widths are observed, stemming from 

differing assumptions regarding bond behavior, crack spacing, and tension stiffening. 

DIN 1045-1 yields crack-width predictions that align closely with those of Eurocode 2, though they remain 

consistently lower across the investigated load range. This similarity reflects the shared theoretical framework of both 

standards and their calibration against comparable experimental datasets. 

In contrast, ACI-based formulations exhibit a distinct trend. The Gergely–Lutz model, as adopted in ACI 224.1R, 

provides crack-width values that correlate well with experimental measurements at moderate load levels but becomes 

progressively less conservative as the load increases. This behavior is attributed to the semi-empirical nature of the 

model and its simplified treatment of bond- slip interaction and crack spacing, resulting in lower predicted values 

compared to the Eurocode and DIN approaches at higher steel stress levels. 

Overall, Eurocode 2 provides the most conservative crack-width predictions within the investigated range, while 

DIN 1045-1 produces slightly lower but consistent values. ACI-based methods offer simpler computational procedures 

but tend to underestimate crack widths under higher service load conditions. 

As shown in Table 1, the predicted crack width according to Eurocode 2 reaches 0.396 mm at a load level of 65 kN, 

which is nearly identical to the commonly adopted serviceability limit of 0.4 mm for reinforced concrete members. This 

load level, therefore, represents a critical service state for crack-width control in the investigated beam. 

Table 1. Summary of applied load levels, steel stresses, strain differences, crack spacings, and predicted crack widths 

according to Eurocode 2, DIN 1045-1, and ACI formulations 

P [kN] σs [MPa] 
(εsm - εcm )×10-3

 

[EC 2] 

sr,max [EC 2] 

[mm] 

wk[EC 2] 

[mm] 

wk[DIN 1045] 

[mm] 

wk [ACI 213] 

[mm] 

wk[ACI 224.1R] 

[mm] 

15 kN 135.69 0.4081 144.66 0.086 0.0573 0.0815 0.06 

30 kN 233.73 0.7942 144.66 0.136 0.115243 0.1400 0.114 

40 kN 299.04 1.1219 144.66 0.193 0.156283 0.1798 0.145 

50 kN 364.45 1.4495 144.66 0.249 0.1973 0.2190 0.177 

60 kN 429.81 1.777 144.66 0.362 0.2384 0.2584 0.209 

65 kN 462.49 1.941 144.66 0.396 0.259 0.2780 0.225 

70 kN 495.17 2.1048 144.66 0.431 0.2794 0.2980 0.241 

75 kN 527.85 2.269 144.66 0.465 0.299 0.3173 0.257 

79 kN 554.00 2.40 144.66 0.492 0.3163 0.3330 0.27 

The variation of predicted crack widths under incremental loading is illustrated in Figure 7. All considered design 

codes demonstrate a gradual increase in crack width in response to rising load level and steel stresses. 

The trends observed in Figure 7 are consistent with findings reported in previous studies. Comparative analyses 

between Eurocode- and ACI-based crack-width predictions have similarly shown that Eurocode formulations generally 

provide more conservative estimates, while ACI-based approaches tend to predict smaller crack widths at higher load 

levels [8, 9, 12]. 
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Figure 7. Comparison of predicted crack-width according to various design standards 

These analytical results establish the foundation for the comparative analysis with the experimentally measured crack 

widths presented in the subsequent section. 

7. Experimental Program 

7.1. Specimen and Materials 

The experimental investigation was conducted on a reinforced concrete (RC) beam designed to evaluate crack-width 

development under four- point bending. The geometric properties and reinforcement details are summarized in Table 2, 

with the reinforcement layout illustrated in Figure 8. 

Table 2. Geometric properties and reinforcement details of the tested RC beam 

Beam ID L (mm) Leff (mm) h (mm) b (mm) c (mm) Asl Asl
’ Asw 

C 30-1 5000 4800 400 200 20 4ϕ12 2ϕ10 Φ8@20 

 

Figure 8. Geometry and reinforcement layout of the tested RC beam 

The beam had a total length of 5000 mm and an effective span of 4800 mm, with a rectangular cross-section of 200 

mm × 400 mm and a concrete cover of 20 mm. Longitudinal reinforcement consisted of four Ø12 tension bars and two 

Ø10 compression bars, while Ø8 stirrups spaced at 200 mm provided transverse reinforcement. 

The beam was cast using normal-weight concrete with a nominal design strength corresponding to class C30/37. 

These design properties were adopted for the analytical and numerical calculations as presented later in this study.  

To verify the material properties, concrete specimens were tested in accordance with BS EN 12390-2:2019 [31]. The 

mechanical properties obtained from the compression testing are summarized in Table 3. The results indicate that the 

average 28- day compressive strength slightly exceeded the characteristic value for class C30/37, confirming that the 

concrete satisfied the design requirements. 
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Table 3. Mechanical properties of the concrete specimens sampled from the RC beam [31, 32] 

Sample No. Apparent density (kg/m3) Age (days) Maximum load (kN) Cross-sectional area (mm2) Compressive strength (MPa) 

M-1 2420 2 569.3 22500 25.30 

M-2 2420 2 553.5 22500 24.60 

Average 2420  561.4  24.95 

M-3 2430 7 803.3 22500 35.70 

M-4 2420 7 814.5 22500 36.20 

Average 2420  809.0  35.95 

M-5 2440 28 985.5 22500 43.80 

M-6 2440 28 956.3 22500 42.50 

M-7 2440 28 913.5 22500 40.60 

Average 2430  951.80  42.30 

For the longitudinal reinforcement, Grade 500 steel bars were utilized. Tensile tests were performed per ISO 15630-

1:2019 [33] to determine key mechanical properties, including yield strength (fy), ultimate tensile strength (fu), modulus 

of elasticity (Es), and the ductility ratio. These experimentally determined properties are presented in Table 4. 

Table 4. Mechanical properties of the steel reinforcement [33] 

 
Diameter 

(mm) 

Length 

(mm) 

Cross-sectional 

Area (mm2) 

Mass 

(kg) 

Ultimate Tensile 

Strength, ft (MPa) 

Yield Strength, 

fy (MPa) 

Ductility Ratio 

k=ft/fy 

Modulus of 

Elasticity, E (MPa) 

M-1 

8.05 559 51.10 0.22 598.4 515.9 1.16 198254 

8.01 557 50.20 0.22 598.7 525.2 1.14 200453 

8.06 558 51.20 0.22 592.0 514.8 1.15 199476 

M-2 

12.02 548 112.7 0.49 679.3 585.6 1.16 199858 

11.98 547 112.8 0.49 672.9 585.1 1.15 198487 

11.97 554 112.5 0.49 680.6 586.7 1.16 201365 

The geometry, material properties, and reinforcement configuration described above served as the primary input 

parameters for the analytical crack-width calculations and numerical modeling presented in the following sections. 

7.2. Test Setup and Instrumentation 

The reinforced concrete (RC) beam was subjected to four-point bending, with two equal concentrated loads applied 

symmetrically about the mid-span (Figure 9). This configuration established a constant moment region in the central 

portion of the beam, facilitating crack development within the pure bending zone while minimizing shear influence. 

 

Figure 9. Four-point bending test configuration of the RC beam 

Testing was conducted using a displacement-controlled hydraulic actuator, with the load increased quasi-statically 

from 15 kN to 79 kN. Linear Variable Differential Transformers (LVDTs) and strain gauges were installed at selected 

locations to monitor deflections and strains throughout the loading process (Figure 10). Specifically, LVDTs measured 

vertical displacements, while strain gauges were bonded to the reinforcement and concrete surfaces to record strain 

evolution. 
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Figure 10. Instrumentation layout: LVDT and strain gauge positions for measuring deflection and strain in the RC beam 

Crack widths were measured using a mechanical crack gauge throughout the loading process. Measurements were 

taken at predefined load levels once each increment had stabilized. The gauge provided accuracy of approximately 0.01 

mm, enabling precise monitoring of crack development within the tensile zone. 

Measurements were concentrated at the most critical cracks within the constant moment region between the loading 

points. Particular attention was directed toward cracks exhibiting the widest openings. At each load level, the maximum 

crack width (𝑤𝑚𝑎𝑥) was recorded to facilitate a direct comparison with width predictions from Eurocode 2, DIN 1045-

1, and ACI formulations. 

The experimental setup and the condition of the beam during the loading stage are shown in Figure 11. Figure 11-a 

presents a general view of the four-point bending test configuration, while Figure 11-b provides a detailed view of the 

beam under load. This close-up highlights the flexural crack development in the tension zone and the LVDT 

instrumentation used for monitoring. 

  

(a) (b) 

Figure 11. Experimental setup and crack development in the tested RC beam under four-point bending: (a) general view of 

the test configuration; (b) detailed view of crack formation and instrumentation (LVDTs) 
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7.3. Loading System 

The vertical load was applied via a hydraulic actuator positioned between the steel reaction frame and the beam’s 

top surface, as shown in Figure 12-a. A pressure gauge (see Figure 12-b) enabled continuous monitoring of the applied 

force. The system was precisely aligned to avoid eccentricities, ensuring concentric load transmission. 

  

(a) (b) 

Figure 12. Hydraulic loading system: (a) Hydraulic jack; (b) Pressure gauge for controlled load application 

Beneath the loading points, the support conditions and guiding systems maintained stable contact, while LVDTs 

recorded vertical displacements in real time. This configuration ensured that: 

• The load was applied incrementally in a high controlled manner. 

• Force measurements were direct, ensuring high reliability throughout the testing range. 

• Beam displacements and deflections were accurately captured. 

• The structural response accurately reflected the inherent beam behavior rather than apparatus interference or 

experimental limitations. 

7.4. Crack Measurement 

Crack widths were measured directly during the test using a Elco meter 143 Crack Width Ruler. Figure 13-a 

illustrates an in-situ measurement at an applied load of 40 kN, showing a crack width of approximately 0.15 mm. Figure 

13-b provides a closer view of vertical flexural cracks in the tension zone, depicting the characteristic cracking pattern 

under flexural loading. 

  

(a) (b) 

Figure 13. Measurement of crack width: (a) In-situ crack gauge measurement at 40 kN; (b) Detail view of vertical flexural 

cracks in the tension zone 
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The observed cracks were predominantly vertical, propagating from the extreme tension fiber toward the neutral 

axis. This behavior confirms the tensile activation of the concrete and effective bond-stress transfer to the reinforcement. 

At the 40 kN load level, the measured crack width (~0.15 mm) remained well within the serviceability limit state of 0.2–

0.4 mm. This indicates a controlled nonlinear-elastic response prior to reaching critical stress levels. Figures 14 and 15 

illustrate the global crack distribution and the fracture morphology at higher load increments. 

 

Figure 14. Crack distribution and final state of the RC beam following the experimental test 

 

Figure 15. Crack distribution and failure locations at the ultimate load stage 

8. Comparison of Crack Width Predictions with Experimental Measurements 

Crack development was concentrated within the constant moment region of the beam. As the load increased, flexural 

cracks initiated in the tension zone and progressively widened during subsequent stages. These crack openings were 

monitored continuously, with discrete measurements recorded at predefined load levels. 

Table 5 summarizes the experimental crack widths obtained during the test. At lower load levels (15–40 kN), crack 

widths remained minimal, representing the crack initiation phase. Beyond 50 kN, however, the openings increased 

significantly, driven by rising reinforcement stresses and stabilization of the crack pattern. 

Table 5. Experimentally measured crack widths obtained during the loading test 

P [kN] wk(exp) [mm] 

15 kN 0.00 

30 kN 0.10 

40 kN 0.15 

50 kN 0.25 

60 kN 0.30 

65 kN 0.33 

70 kN 0.35 

75 kN 2.00 

79 kN N/A 
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Notably, the crack width of 2.00 mm recorded at 75 kN corresponds to the near-failure stage. This value exceeds 

typical serviceability conditions and instead reflects the structural response as the beam approaches its ultimate load 

capacity. 

To evaluate the predictive accuracy of the various models, the experimental data were compared against the 

analytical estimates from Eurocode 2 (EN 1992-1-1), DIN 1045-1, and ACI formulations. The percentage performance 

deviation between the predicted (𝑤𝑘,𝑐𝑜𝑑𝑒) and experimental (𝑤𝑘,𝑒𝑥𝑝 ) crack widths was calculated as follows: 

∆ =
𝑤𝑘,𝑐𝑜𝑑𝑒−𝑤𝑘,𝑒𝑥𝑝

𝑤𝑘,𝑒𝑥𝑝
× 100  (11) 

where, 𝑤𝑘,𝑐𝑜𝑑𝑒  is the predicted crack width obtained from the design code formulation; 𝑤𝑘,𝑒𝑥𝑝  is the experimentally 

measured crack width. 

The calculated deviations are summarized in Table 6, while Figure 16 illustrates the comparison between predicted 

and experimentally measured crack widths across the investigated load levels. 

Table 6. Percentage deviation of predicted crack widths relative to experimental measurements 

P[kN] 
(wk[EC2] -wk[exp])/ 

wk[exp] 

(wk[DIN] -wk[exp])/ 

wk[exp] 

(wk[ACI 213] -wk[exp])/ 

wk[exp] 

(wk[ACI 224] -wk[exp])/ 

wk[exp] 

15 N/A N/A N/A N/A 

30 + 36.00 % + 15.24 % + 40.00 % + 14.00 % 

40 + 28.67 % + 4.1890 % + 19.87 % − 3.333 % 

50 − 0.400 % − 21.080 % − 12.40 % − 29.20 % 

60 + 20.67 % − 20.530 % − 20.67 % − 30.33 % 

65 + 21.09 % − 21.52% − 15.76 % − 29.69 % 

70 + 23.14 % − 72.06 % − 14.86 % − 31.14 % 

75 − 76.75 % − 85.00 % − 84.14 % − 87.15 % 

79 N/A N/A N/A N/A 

 

Figure 16. Comparison of predicted crack-widths from various design codes with experimental measurements 

Figure 16 demonstrates that all evaluated design codes accurately capture the progressive increase in crack width as 

a function of load and reinforcement stress. However, significant discrepancies in the magnitude of predicted widths are 

evident, stemming from the divergent theoretical assumptions inherent in each formulation. 

8.1. Eurocode 2 Prediction 

Eurocode crack-width predictions show good agreement with experimental measurements, generally yielding 

slightly higher, conservative values. The model’s mechanically based formulation, which integrates bond interaction, 

effective tension area, and crack spacing, tends to slightly overestimate crack widths compared to measured data. For 

example, at a load level of 50 kN, the predicted crack width is approximately 0.25 mm, which correlates closely to the 

experimentally measured value. 
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At lower load levels (30–40 kN), EC2 predicts crack widths in the range of 0.14–0.19 mm, whereas the measured 

values range between 0.10 and 0.15 mm. This tendency of EC2 to moderately overestimate crack widths is consistent 

with previous studies and reflects the mechanically based formulation of the Eurocode model, which integrates bond-

slip interaction, effective tension area, and crack spacing. 

8.2. DIN 1045-1 Predictions 

The crack-width predictions obtained from DIN 1045-1 are generally consistent with those from Eurocode 2, 

although they tend to yield slightly lower values. This behavior reflects the shared theoretical framework of the two 

design standards. 

Across most load levels, DIN 1045-1 predictions remain consistent with the experimental results, particularly within 

the serviceability range. The minimal deviations observed between DIN predictions and measured crack widths indicate 

that this formulation provides a reliable estimate for beams with conventional reinforcement ratios and typical concrete 

cover. 

8.3. ACI-Based Predictions 

The ACI-based crack-width formulations, particularly the Gergely–Lutz model adopted in ACI 224.1R, generally 

yield smaller crack-width values than the Eurocode-based approaches. While predicted crack widths are relatively 

consistent with experimental values at moderate load levels, the ACI formulations tend to underestimate crack widths 

as the load increases. This trend aligns with findings from previous studies evaluating code-based crack-width models 

[10, 22, 30]. 

For example, at 60 kN, the ACI-based prediction is approximately 0.26 mm, whereas the experimentally measured 

crack width is approximately 0.30 mm. This behavior can be attributed to the semi-empirical nature of the ACI 

formulations, which rely primarily on simplified relationships involving reinforcement spacing, concrete cover, and 

steel stress. 

8.4. Overall Comparison of Code Performance 

The comparison between analytical predictions and experimental measurements reveals three critical trends. 

First, Eurocode 2 consistently yields the most conservative crack-width predictions, particularly as load levels 

increase. Second, DIN 1045-1 provides estimates that are slightly lower than those of Eurocode 2 but maintain a high 

correlation with experimental results. Third, ACI-based formulations tend to underestimate crack widths at higher load 

levels, reflecting the simplified empirical framework. 

At the initial loading stages (≤ 40 kN), all evaluated design codes accurately capture the general trend of crack 

formation. However, as the load and reinforcement stress increase, the discreoancies between the models become more 

pronounced. This behavior aligns with previous studies indicating that empirical formulations tend to underestimate 

crack widths compared to mechanically based models that explicitly account for bond interaction and tension stiffening 

[10, 22, 30]. 

In summary, the results demonstrate that Eurocode 2 and DIN 1045-1 offer more reliable crack-width predictions 

for the tested beam, as their formulations explicitly integrate bond behavior, effective tension area, and reinforcement 

distribution. Conversely, the simplified empirical relationships utilized in the ACI-based methods tend to underestimate 

crack widths as load levels increase, potentially overlooking critical serviceability conditions. 

9. Numerical Model and Boundary Conditions 

The numerical model was developed and analyzed using the DIANA FEA software [13], enabling a nonlinear 

simulation of reinforced concrete behavior through to failure. The beam was modeled as three-dimensional solid with 

uniform geometry, accurately reflecting the physical characteristics of the experimental specimen. 

Discretization was achieved through a finite element mesh with density optimized to capture crack propagation, 

stress distribution, and strain localization. The mesh configuration was specifically refined to prevent numerical 

instabilities and to ensure convergence during the nonlinear analysis phase. 

Boundary conditions were defined in DIANA FEA to replicate the experimental setup. One end support was modeled 

with restrained vertical displacement, while the opposite end was defined as a roller, permitting longitudinal movement. 

This configuration prevents the development of parasitic axial forces and ensures a realistic flexural response. 

The load was applied incrementally through discrete analysis steps, replicating the quasi-static experimental 

procedure. In DIANA FEA, this incremental approach facilitates tracking of progressive behavior, spanning the elastic 

phase, crack initiation, and propagation, through to reinforcement yielding and ultimate structural failing. 
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Material modeling was performed by incorporating the nonlinear constitutive laws for both concrete and 

reinforcement, enabling an accurate reproduction of bond-slip interaction and the ductile failure mechanism. 

Consequently, the numerical model implemented in DIANA FEA is directly consistent with the experimental setup and 

is suitable for characterizing the beam’s structural response up to failure.  

9.1. Crack Modeling in DIANA FEA and Interpretation of Results 

Numerical modeling was performed using a two-dimensional (2D) approach in DIANA FEA, where a nonlinear 

smeared crack model characterizes the tensile behavior of the concrete. In this framework, cracks are represented 

as distributed strain localizations within the finite elements rather than discrete physical discontinuities, accurately 

capturing the progressive stiffness degradation of the concrete post-cracking. 

The Figure 17 illustrates the geometric and structural scheme of the beam, where the element is modeled as a 

continuous three-dimensional body with regular discretization. The boundary conditions are defined as follows: 

• Fixed support restricting both vertical and horizontal displacements at one end to replicate a pinned connection, 

allowing for rotation while preventing translation; 

• Sliding support restricting the vertical displacement at the opposite end while permitting longitudinal movement 

to simulate a roller support, which prevents the development of parasitic axial forces.  

• The load is applied as a concentrated force in the upper zone of the beam, generating dominant positive 

bending consistent with the experimental four-point bending setup. 

 

Figure 17. Two-dimensional geometric model of the reinforced concrete beam, illustrating boundary conditions 

loading points 

The Figure 18 illustrates the mesh discretization of the model, featuring a dense and regular element distribution 

along the entire beam length to reliably capture: 

• Crack propagation and development of the tension zone; 

• Stress and strain localization within the concrete and reinforcement; 

• Localization of the failure mechanism 

 

Figure 18. Finite element mesh of the RC beam, illustrating the mesh density and regular discretization 

for nonlinear analysis 

9.2. Interpretation of Crack Development in the 2D Model 

The Figures 19 a to g illustrates the progressive evolution of crack widths (Ecw) along a reinforced concrete beam, 

simulated in DIANA FEA across load range of 30 kN to 75 kN. The results depict the crack widths field extracted from 

the non-linear smeared crack model, providing a visual representation of damage localization and stiffness degradation.  
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30kN 

(a)                      

40kN 

(b)                      

50kN 

(c)                      

60kN 

(d)                      

65kN 

(e)                      

70kN 

(f)                      

75kN 

(g)                      

Figure 19. Development of crack widths (Ecw) in the 2D DIANA FEA model under incremental loading: a) 30 kN; b) 40 kN; 

c) 50 kN; d) 60 kN; e) 65 kN; f) 70 kN; g) 75 kN 
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In the initial loading phase (30–50 kN) shown in Figures 19 a to c, cracks are localized primarily within the extreme 

tension fiber where the concrete tensile strength is exceeded. During this stage, crack widths remain minimal (typically 

< 0.15 mm), characterizing the crack initiation phase and correlating well with the in-situ experimental observations. 

As the load increases to 60–65 kN, (Figures 19 d to e), the beam transitions into a more advanced stage of crack 

development, characterized by the following structural behaviors: 

• A significant increase in the number of cracks occurs; 

• Existing cracks continue to propagate along the length and vertically toward the neutral axis; 

• A gradual increase in the width of the existing cracks. 

This phase marks the transition from crack initiation to a stabilized cracking state where the concrete–reinforcement 

interaction and the tension stiffening effect continue to contribute to the overall flexural stiffness of the beam. 

At the highest load levels (70–75 kN) (Figures 19 f to g), the model exhibits the following critical response features: 

• Significant crack expansion within the critical bending zones; 

• Structural response is dominated by strain localization, where the most of the beam’s deformation is concentrated 

at the primary crack interfaces; 

• A rapid acceleration in crack widths is observed, signalling the onset of the failure state and the loss of 

serviceability. 

At this stage, the Ecw values (crack widths) no longer represent the serviceability limit state (SLS). Instead, they 

serve as indicators of the activation of a nonlinear failure mechanism primarily controlled by the yielding of the 

reinforcement and subsequent concrete crushing 

The numerical results are therefore interpreted primarily in a relative and evolutionary context, focusing on the 

distribution and progressive propagation of cracking under increasing load. The strong correlation between simulated 

crack widths at lower load levels and experimental measurements (e.g. approximately 0.15 mm at 40 kN) confirms that 

the smeared crack model is reasonably calibrated and suitable for characterizing the structural failure mechanism. 

10. Conclusions 

This study investigated the crack-width behavior of a reinforced concrete (RC) beam under four-point bending using 

an integrated experimental, analytical, and numerical approach. The primary objective was to evaluate the predictive 

accuracy of Eurocode 2, DIN 1045-1, and ACI-based formulations by benchmarking them against experimentally 

measured data. 

The experimental investigation yields detailed observations of crack propagation, beam deflections, and 

reinforcement stress across incremental load levels. The results confirmed the expected correlation between width with 

and applied load, reflecting the characteristic behavior of RC members under flexure. While analytical calculations from 

various design standards reproduced this trend, there were discrepancies obvious in the predicted magnitudes. 

Among the investigated methods, Eurocode 2 consistently yielded the most conservative crack-width predictions, 

particularly at elevated load levels. Predictions from DIN 1045-1 were slightly lower but remained aligned with those 

of Eurocode 2, reflecting a shared theoretical framework of the two standards. In contrast, ACI-based formulations, 

particularly the Gergely–Lutz model, tended to produce smaller crack-width values at higher load levels, indicating a 

potential tendency to underestimate crack widths compared with Eurocode-based approaches. 

The comparison between analytical predictions and experimental observations highlights the critical role of 

accurately modeling bond behavior, crack spacing, and tension stiffening in crack-width calculations. While simplified 

empirical models offer practical design tools, their precision remains to reinforcement configurations and loading 

conditions. 

As it is acknowledged that this investigation was based on a single beam specimen—limiting the statistical 

generality of the findings—the specimen represents a standard reinforced concrete member common in building 

structures. Consequently, the results establish a robust experimental benchmark for evaluating the predictive 

accuracy of crack-width models. 

Future research should encompass a broader range of specimens featuring varied reinforcement ratios, concrete 

covers, and bar diameters. Additionally, expanded numerical simulations could be carried out to further refine the 

reliability and predictive accuracy of crack width-models used in structural design. 
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