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Abstract 
Bridges are among the most important infrastructure assets, especially reinforced concrete slab 

bridges. Many were built with a skew angle instead of straight due to the limited space available. The 

skewness affects the internal shear force distribution of the slabs and causes shear stress concentration 

at the obtuse corner. Most of the shear design methods are developed based on straight slabs. Whether 

these methods apply to skewed slabs is unclear. On the other hand, experiments on skewed slabs are 

quite limited. Therefore, an experimental programme of skewed slabs was conducted at Delft 

University of Technology. The slabs have a height of 300 mm, representing a half-scale model of 

representative solid slab bridges in the Netherlands. A concentrated load was applied close to the edge 

of the slabs to induce a one-way shear failure. Both the top and bottom surfaces of the slabs were 

measured using stereo Digital Image Correlation (DIC). This paper presents the design and the results 

of the experiment. By using the stereo DIC from both surfaces, the internal shear crack propagation is 

captured. All specimens failed in shear and the results demonstrate that the shear capacity of the slabs 

decreases as the skewness increases. Moreover, the experiment confirmed that the shear stress 

concentration is more significant in the obtuse corner than in the acute corner. An evaluation method 

is proposed to calculate the shear capacity of the skewed slab combined with the Linear Finite 

Element Analysis. The calculated shear capacity given by the proposed method shows a good 

alignment with the experimental results. 

1 Introduction 

Reinforced concrete slab bridges are one of the most important infrastructures. They play a critical 

role in transportation networks. Ideally, bridge designers prefer to design straight bridges because 

their load transfer paths are relatively straightforward. However, most bridges were built with 

skewness due to practical constraints, such as limited space and surrounding geography.  

The degree of skewness of slab bridges is quantified by the skew angle. Two different definitions 

of skew angle can be found in literature and they are complementary angles. In this paper, the skew 

angle is defined as the angle between the free edge and support line, as illustrated in Fig. 1. Under this 

definition, a smaller skew angle indicates a higher degree of skewness, and vice versa. 

Fig. 1b shows the skew angle distribution of the existing slab bridges in the Netherlands [1]. It 

reveals that although half of the slab bridges are built with right angles, around one-quarter of them 

have skew angles between 50° to 75°, and about 5 % of them are built with a very high degree of 

skewness. For these skewed bridges, the shear stress distribution can significantly deviate from that of 

straight slabs according to the previous Linear Elastic Finite Element Analysis (LEFEA) in [2-4]. 

Besides, a significant shear stress concentration is observed in skewed slabs, especially when the load 
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is applied close to the obtuse corner. Such shear stress concentration leads to a lower shear capacity. 

Therefore, directly using the design method developed based on straight slabs for skewed slabs is 

questionable, and may even lead to an unsafe design. Moreover, the available experimental data on 

skewed slabs are limited and outdated [5-7], which cannot provide enough information to have a 

better understanding of the shear behaviour of skewed slabs.  

To address this research gap, an experimental programme of skewed slabs was developed and 

executed at Delft University of Technology. In this paper, the overview of the experimental 

programme is introduced first. Then, the preliminary experimental results are presented and the 

impact of skewness on the shear capacity is discussed. Last but not least, a calculation method based 

on LEFEA is proposed and the results given by the proposed method are compared to the 

experimental results. 

 
 

(a) (b) 
Fig. 1. (a) Schematic illustration of the definition of skew angle; (b) skew angle distribution of 

existing bridges in the Netherlands [1]. 

2 Experimental programme 

2.1 Test specimen 

Six slabs are cast in total and four of them are used to investigate the influence of the skewness. Table 

1 summarises the general information of these four specimens. All specimens have a thickness of 300 

mm, representing a half-scale model of the typical deck bridges in the Netherlands. According to the 

calculation performed by Hulsebosch [4], the shear stress distribution can be mainly affected by the 

span length, while the influence from width is negligible. Consequently, the span length of the 

specimens is designed as 3600 mm to maintain consistency with the first part of the experimental 

programme on straight slabs [8]. The width of the slabs is designed as 2000 mm to comply with the 

maximum capacity of the crane in the laboratory.  

Three skew angles (45°, 60° and 75°) are tested based on the skew angle distribution of existing 

bridges. Fig. 2 shows the dimensions of the specimens with different skew angles. Since the width 

and the span length are the same for all specimens, the length of the free edge varies as the skew 

angle varies for different specimens. 

The slabs are reinforced by ribbed rebar with a class of B400B in both longitudinal and 

transversal directions. Note that two different reinforcement layouts can be used to fabricate the slabs. 

One is called orthogonal layout and another is called non-orthogonal layout. This paper only presents 

the specimens with the non-orthogonal layout, which is indicated by the letter N in the specimen 

name. For the non-orthogonal layout, the longitudinal rebars are parallel to the free edge and the 

transversal rebars are parallel to the support line. Therefore, the longitudinal and transversal rebars are 

not orthogonal. To make the testing parameter aligned with the previous straight slabs [8], the 

longitudinal and transversal reinforcement ratios were adopted as 0.996% and 0.258%, respectively, 

resulting in an effective depth d of 265 mm. 

Regarding the concrete strength, the specimens are made of the concrete class C35/45 and the 

maximum aggregate size is 32 mm. The average cube concrete compressive strengths on the testing 

date are summarised in Table 1.  
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Table 1. Summary table of specimens 

Name of 

specimen 

Length of 

free edge 

[m] 

Cube 

compressive 

strength 

[MPa] 

Longitudinal 

reinforcement 

ratio 

[%] 

Transversal 

reinforcement 

ratio 

[%] 

Effective 

depth 

[mm] 

S75N1 4.35 70.5 0.996 0.258 265 

S60N1 4.85 65.1 0.996 0.258 265 

S60N2 4.85 64.7 0.996 0.258 265 

S45N1 5.94 72.3 0.996 0.258 265 

 

 
Fig. 2. Schematic illustration of geometries of the specimens with varied skew angles. 

2.2 Test setup and instrumentation 

Fig. 3a shows the overview of the test setup. The specimens are simply supported. The load is applied 

through a steel plate with a size of 200 mm × 200 mm, representing a half-scale model for the 

standard wheel print used in the current Eurocode NEN-EN 1991-2:2003 [9]. The centre-to-centre 

distance between the support and loading plate is 800 mm, resulting in a shear span-to-effective depth 

ratio of 3. In this paper, the shear span a is defined as the shortest distance between the loading plate 

centre and support line, as shown in Fig.3b. The distance between the edge and the loading plate 

centre is 435 mm, aligned with the previous straight slab experiment [8].  

Both conventional and contactless instrumentation techniques are implemented, including Linear 

Variable Differential Transformers (LVDT), laser sensors, Smart Aggregate (SA), Acoustic 

Emissions sensors and stereo Digital Image Correlation (DIC). The applied load was directly 

measured from the load cell and the deflection of the specimen was measured from the bottom 

surface, where the projection of the loading plate centre is located, through a laser sensor. 

This paper mainly introduces the results of the stereo DIC since it provides a possibility of 

analyzing the internal cracking propagation of slab members. As shown in Fig.3c, the stereo DIC 

technique is applied both to the top and bottom surfaces of the slabs so that the out-of-plane 

deflections of these two surfaces can be obtained. 

2285



fib Symposium 2025 

  

 

 
(a) 

 

 

(b) (c) 

Fig. 3. Overview of the experimental setup and instrumentation plan: (a) a photograph of the test 

setup in the lab; (b) a schematic illustration of the loading position; (c) a schematic 

illustration of stereo DIC on the top and bottom surfaces.  

2.3 Loading protocol 

The load is applied through a displacement-control method and the loading rate is 0.04 mm/s. The 

complete loading protocol is shown in Fig. 4. It consists of three stages: proof load stage, stop criteria 

stage, and failure stage. The aims of the proof load and stop criteria stages are to validate the 

proposed loading protocol and stop criteria in [10].  

During the loading, the load is increased to 50 kN first to ensure the sensors measure properly. 

The load increases step by step until the target load is reached. The step size for the incremental load 

is 50 kN. At each step, the load is held for a while so that the static image of specimens can be taken 

and the crack pattern can be done by eye inspection. After reaching the target load, the specimen is 

unloaded till 10 kN to check the remaining deformation. The target loads for Serviceability Limit 

State PSLS and Ultimate Limit State PULS are predefined. Regarding the target load to stop Pstop, it is 

determined based on the measurement data recorded during the test. The detailed description of the 

calculation for the target loads and stop criteria is out of the scope of this paper and they will be 

presented in another paper. 

For each specimen, three tests are performed. The load is applied first at the obtuse corner, then, 

the load is moved to the centre-symmetrical obtuse corner. After two tests on the obtuse corner, the 

load is moved to the acute corner to perform the last test. It should be mentioned that the full loading 

protocol is only applied to the tests performed at the obtuse corner. For those tests performed at the 

acute corner, a monotonic loading protocol is applied until failure.  
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Fig. 4. Schematic illustration of the loading protocol used in the experimental programme. 

3 Results 

3.1 Overview  

Table 2 summarizes the maximum externally applied load Pmax and the failure mode. Based on the 

failure crack pattern observed on the side surface, as shown in Fig. 5, it can be concluded that the 

typical one-way shear failure is observed in all the specimens.   

Fig. 6 compares the maximum externally applied load Pmax against the skew angle. It can be seen 

that the maximum externally applied load Pmax decreases significantly as the skew angle decreases. 

From 75° to 45°, the Pmax decreases by around 43.6%. It should be noted that Pmax is used instead of 

shear capacity Vmax because the magnitude of the shear capacity Vmax depends on the definition of the 

critical cross-section and effective width, which will be further discussed in Section 4.  

Moreover, the Pmax obtained at the acute corner is higher than that of the obtuse corner except for 

the 75-degree specimen. The influence of the skew angle on the Pmax seems to be less when the load 

is applied at the acute corner. To some extent, this experimental evidence proves that the shear stress 

concentration is more significant when the load is applied at the obtuse corner.  

Table 2. Summary table of tests 

Name of test 
Loading 

position 

Shear span-to-

effective depth 

ratio a/d 

[-] 

Maximum 

externally applied 

load Pmax 

[kN] 

Failure mode 

S75N1A Obtuse corner 3.02 745.9 One-way shear 

S75N1C Acute corner 3.02 672.5 One-way shear 

S60N1A Obtuse corner 3.02 606.4 One-way shear 

S60N2A Obtuse corner 3.02 615.3 One-way shear 

S60N2C Acute corner 3.02 641.2 One-way shear 

S45N1A Obtuse corner 3.02 420.8 One-way shear 

S45N1C Acute corner 3.02 572.1 One-way shear 
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Fig. 5. Failure crack pattern on the side surface in test S75N1A 

 
Fig. 6. Maximum externally applied load against skew angle. 

3.2 Detailed observations of test S60N1A 

The concept of critical shear crack is very important in the shear failure of beam members [11-13]. 

Understanding the crack development process of the skewed slab members better is beneficial to 

performing a proper evaluation of the shear behavior. The measurement data of test S60N1A are 

selected to illustrate the crack development of skewed slabs. 

Fig. 7a shows the load versus deflection curve. It can be seen that the overall stiffness of the 

specimen changes when the load P reaches 150 kN, which implies the end of the elastic stage. Then, 

the overall stiffness is relatively constant until the shear failure occurs. There is no clear yielding 

plateau observed in the curve, indicating that brittle shear failure occurs. 

Three moments during the loading are selected to show the crack development. The 

corresponding load levels of these three moments are equal to 33%, 66% and 99% of the Pmax, 

respectively. They are highlighted as green scatter in Fig. 7a. The stereo DIC data of the bottom 

surface for these moments are shown in Fig. 7b. When the load level was 0.33Pmax, cracks developed 

on the bottom surface. The cracks away from the support are perpendicular to the free edge and can 

be categorized as flexural cracks. The cracks close to the support are initially perpendicular to the free 

edge and become more parallel to the support line as they develop further. These cracks can be 

considered as flexural-shear cracks. As the load increased to 0.66Pmax, the crack width increased and 

more cracks appeared. For the flexural-shear cracks which are very close to the support, they deviate 

from their original propagation direction and propagate towards the support. When the load was close 

to Pmax, more cracks developed between the loading plate and the support. Moreover, some 

longitudinal cracks parallel to the free edge appeared and they merged with some existing transversal 

cracks.  
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(a) 

 
(b) 

Fig. 7. Detailed measurement data in test S60N1A: (a) load versus deflection curve; (b) principal 

strain distribution on the bottom surface at three load levels.  

3.3 Internal crack propagation based on stereo DIC 

Although the measurement shown in Section 3.2 can indicate the crack propagation on the surface, it 

cannot indicate how the crack propagates inside the members. Therefore, it is difficult to distinguish 

the critical shear crack solely based on the stereo DIC measurement of the bottom surface. To capture 

the internal crack propagation, this paper proposes to combine the stereo DIC measurement from both 

the top and bottom surfaces, creating a possibility of analyzing the crack propagation inside the slab 

members. 

The stereo DIC is performed on both the top and bottom surfaces of the specimen. Part of these 

two measurements has an overlap region. After aligning these two measurements, the overlap region 

can be obtained. Then, the difference in the vertical displacement at the same point can be calculated, 

which is called thickness expansion in this paper. As illustrated in Fig. 8a, when the flexural cracks 

propagate, the crack inclination is usually perpendicular to the bottom surface and causes the 

expansion in the horizontal direction. The crack inclination of flexural-shear cracks changes as they 

develop and their propagation can cause an expansion in the thickness direction. Therefore, the 

thickness expansion can be used to indicate the internal shear crack propagation.  

Fig. 8b shows the thickness expansion distribution at two different moments. When the load was 

0.83Pmax, thickness expansions could be observed between the support and the loading plate. The 

expansions indicate that flexural-shear cracks already developed at that location, e.g., crack 1 

highlighted by a black line, which can be also confirmed by the principal strain distribution shown in 
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Fig. 7b. However, crack 1 did not further propagate towards the loading plate since no large 

expansion can be observed between crack 1 and the loading plate. When the load reached 0.99Pmax, 

another flexural-shear crack, as indicated as crack 2, appeared very close to the support. According to 

the thickness expansion data, crack 2 rapidly propagated towards the loading plate and caused a large 

thickness expansion between crack 2 and the loading plate. This large thickness expansion may lead 

to the loss of the aggregate interlock, resulting in the failure of the specimen. 

It should be noted that this demonstration only proves the possibility of using stereo DIC 

measurement data to capture the internal shear crack propagation. To ensure accuracy in magnitude, 

more studies are still needed. 

 
(a) 

 
(b) 

Fig. 8. Thickness expansion measurement: (a) schematic illustration of thickness expansion caused 

by the propagation of flexural-shear cracks; (b) thickness expansion at two load levels.  

4 Proposed calculation method 

When calculating the one-way shear capacity of slab members, the concept of effective width is 

usually used to simplify the calculation procedure [14-16]. This concept essentially treats the slab 

members as beam members with an equivalent effective width. The selection of the critical cross-

section and the length of the effective width are still open topics in the research community.  

This paper proposes a calculation method based on the previous straight slab experimental 

campaign conducted by Lantsoght [17]. In the experimental campaign, she investigated the influence 

of varied widths on the shear capacity of slab members. Based on those results, it is found that the 

width does not have a clear impact on the shear capacity after it reaches 8 times the effective depth d. 

Therefore, it is proposed to use 8d as the effective width and to use the cross-section 0.5d away from 

the support according to the fib Model Code 2010 [18] to calculate the shear capacity, as illustrated in 

Fig. 9.  
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Fig. 9. Schematic illustration of the proposed 8d method.  

A detailed description of this method can be found in [19] and the proposed method is also 

validated against the straight slab tests carried out by Zarate Garnica [8]. The calculation procedure is 

briefly introduced as follows. By carrying out an LEFEA based on the test configuration, the shear 

stress distribution under a unit concentrated load of 1 kN and self-weight can be calculated. Then, the 

external applied shear force VE can be calculated by integrating the shear stress along the critical 

cross-section within the 8d distance using Eq. (1): 
8

E c l,u n i t s w

0

( ( ) ( ) )

d

V P v x v x d x 
 

(1) 

where P is the externally applied concentrated load, vcl,unit is the shear stress distribution under the 

unit concentrated load of 1 kN and vsw is the shear stress distribution under the self-weight. 

On the other hand, the average shear resistance VR can be calculated using the formula proposed 

in the current Eurocode [9], as shown in Eq. (2) : 
1 / 3

R R m ,c h c e f f
(1 0 0 )V C k f b


  (2) 

with kh the size effect factor: 

h

2 0 0  m m
1 2k

d
    (3) 

where CRm,c is assumed to be 0.15 according to [20],  is the effective reinforcement ratio at the 

skew angle  and is calculated by the second-order trigonometric function proposed in [21], fc is the 

average cylinder concrete compressive strength and beff is the effective width, equalling to 8d in this 

paper. Mean values are used for comparison to the experimental results. 

By assuming VR = VE, the corresponding calculated maximum externally applied load Pmax,cal can 

be obtained. As mentioned in Section 3.1, the resulting sectional shear varies depending on the chosen 

cross-section and effective width. In this paper, the sectional shear at failure, i.e. the experimentally 

determine shear capacity of the members Vmax can be defined using Eq.(1) by replacing P with Pmax.  

The calculation results are summarized in Fig. 10 and Table 3. It can be seen that the proposed 

method can give the results aligned with the experimental data. The proposed method gives an 

average experiment-to-calculation ratio of 1.02 and a coefficient of variation of 10.9%. However, it 

can be also seen that the proposed method overestimates the shear capacity when the skew angle is 

smaller. Therefore, more research is still needed to improve this method. The measurements such as 

the thickness expansion shown in Section 3.3 may be useful to further refine insights in the effective 

width and the location of the critical cross-section. 

Moreover, based on the definition used in this paper, the shear capacity Vmax obtained in test 

S75N1C is lower than that of test S75N1A, but the difference is less than 10%. This can be explained 

by the fact that when the skew angle is relatively large, the shear stress concentration is not that 

significant, resulting in a similar capacity at both the obtuse and acute corners. 
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Fig. 10. Schematic illustration of the proposed 8d method.  

Table 3. Summary table of results calculated based on the proposed method 

Name of test 

Maximum 

externally applied 

load Pmax 

[kN] 

Shear capacity 

based on 8d 

method Vmax 

[kN] 

Calculated 

maximum 

eternally applied 

load Pmax,cal 

[kN] 

The ratio of 

experimental-to-

calculated value 

[-] 

S75N1A 745.9 635.4 668.9 1.12 

S75N1C 672.5 593.3 673.5 1.00 

S60N1A 606.4 570.9 566.8 1.07 

S60N2A 615.3 578.4 565.5 1.09 

S60N2C 641.2 588.2 581.1 1.10 

S45N1A 420.8 397.0 525.2 0.80 

S45N1C 572.1 470.9 591.9 0.97 

   AVG 1.02 

   COV 10.9% 

 

5 Conclusions 

In this paper, we present the design and preliminary results of an experimental program on skewed 

slabs. The stereo DIC measurement data is further processed to reveal the internal crack propagation 

of the specimens. A calculation method for the shear capacity of skewed slabs is proposed and the 

results are compared against the experimental results. The following main conclusions can be drawn: 

 The experimental results demonstrate that the ultimate externally applied load Pmax 

decreases as the skew angle  decreases, which implies that the skewness has a 

negative impact on the ultimate capacity of the skewed slab as a result of stress 

concentrations. 

 The utilization of stereo DIC data from top and bottom surfaces proves the possibility 

of indicating internal shear crack propagation of slab members. 

 The predictions given by the proposed calculation method align with the experimental 

data but overestimate the shear capacity when the skew angle is small.  
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