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Abstract: This study theoretically and numerically examines the differences in shear performance
between tapered and prismatic girder configurations with corrugated steel webs (CSWs) and in-
vestigates the influence of the Resal effect on the shear performance of tapered girders with CSWs.
The vertical components of the inclined bottom slab forces (which are zero in prismatic cases) may
decrease or increase the effective shear force on the CSWs, reflecting the positive and negative influ-
ences of the Resal effect. Based on these influences, this study introduces the concepts of positive and
negative Resal effects and proposes an improved shear method to predict the effective shear forces
acting on tapered CSWs. The results of the theoretical and finite element (FE) analyses show that the
traditional shear method, which assumes CSWs bear all the shear force, is not applicable to tapered
girders. The improved shear method significantly reduced the error in predicting shear forces within
the CSWs, decreasing the maximum error from 42.25% (traditional method) to 7.71% (improved
method) in specific sections. Quantitative analyses of three different types of girders with CSWs
indicate that the Resal effect is influenced by both the internal forces and the structural form of the
box girder. In cases of a positive Resal effect, the inclined bottom slab shares a considerable portion
of the shear force with CSWs, resulting in a surplus shear capacity in the CSWs; conversely, under a
negative Resal effect, there is an increase in the effective shear force on the web, which could lead
to an overestimation of the shear buckling strength of CSWs. These findings highlight the necessity
of incorporating Resal effects for accurate shear force predictions in tapered girders. By accurately
predicting shear forces, engineers can enhance the performance and reliability of these structures,
avoiding both overestimation and underestimation of shear capacities.

Keywords: corrugated steel webs; tapered girders; Resal effect; shear performance

1. Introduction

The prestressed concrete box girder with corrugated steel webs (CSWs) is a new type
of steel–concrete composite bridge. The substitution of conventional concrete webs with
CSWs not only make full use of the shear capacity of steel webs but also the flexural capacity
of the concrete slabs, in addition to considerably reducing the weight of the superstructure.
It has the advantages of being lightweight, with a high prestressing efficiency, good seismic
performance, and can effectively prevent cracks in concrete webs [1–3]. Since the construc-
tion of the world’s first prestressed concrete girder bridge with CSWs in France in 1986, this
unique structural form has been gradually applied and developed all over the world. Ac-
cording to Japan’s Corrugated-Steel-Webs Bridge Association, more than 200 girder bridges
using CSWs are now being built or have been completed in Japan. Recently, composite
girder bridges with CSWs are also showing a favorable development trend in China, and
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more than 100 bridges with CSWs have been built for nearly two decades. Considering
the rational distribution of forces and economic benefits, tapered box girders with variable
depth are used in long-span bridge engineering. Advancements in the design theory of
CSWs and modern construction techniques have led to the construction of longer bridge
spans, with the longest girder span featuring CSWs now exceeding 170 m. Nowadays, how
to make breakthroughs on the ultimate span of the continuous girder bridges with CSWs
has become a research hotspot.

Due to the accordion effect, it is generally accepted that the concrete slab bears the
entire longitudinal moment in the section, while most of the vertical shear is carried by
the CSWs [4–6]. Hence, the shear buckling of CSWs is one of the controlling factors in the
structural design of the bridge with CSWs. Extensive research has been carried out on the
shear buckling and shear performance of CSWs. Luo and Edlund [7] proposed an analytical
model to predict the shear strength of trapezoidal CSWs, emphasizing the importance of
shear buckling modes in design. Hassanein and Kharoob [8] further refined these models
by incorporating factors such as material yield strength and overall buckling strength.
Ashrafi et al. [9] examined the impact of wave characteristics on the behavior of wavy steel
shear walls, finding that vertical alignment of waves with girders significantly enhances
shear capacity and reduces out-of-plane deformations. Recently, Amani et al. [10] addressed
the imperfection sensitivity of plastic shear buckling in CSWs, demonstrating the significant
impact of initial geometric imperfections on the ultimate shear capacity. Building on more
than 100 experiments, Sause and Braxtan [11] evaluated previous formulas proposed
for estimating the shear strength of CSWs and developed a more precise formula that
considers the interaction among shear failure modes. Furthermore, Nie et al. [12] proposed
a new design formula that predicts the shear strength of such structures through nonlinear
buckling analysis.

Considering the rationality and economy of their design, tapered girders with CSWs
have been increasingly used in modern long-span bridge construction in recent years.
Consequently, the shear performance of these tapered girders has garnered significant
attention from scholars. Hassanein [13,14] first studied the shear buckling behavior of
tapered girders with CSWs using nonlinear finite element (FE) analysis and proposed a
shear buckling strength formula. Li et al. [15] investigated the distortional performance
of tapered girders with CSWs and suggested a diaphragm spacing equation for this kind
of bridge. Li et al. [16] developed a general formula for calculating the shear stress of
a prismatic composite box girder with CSWs, taking into account the effects of bending
moments, shear forces, and axial forces, and verified the accuracy of the formula based
on the results of FE analysis; however, it is impractical for engineering designs due to its
complex differential equation solutions and high computational costs. Zhou et al. [17]
conducted experimental and numerical analyses on tapered girders with CSWs, emphasiz-
ing the significant impact of the Resal effect—which refers to the additional shear forces
induced by bending moments and axial forces in tapered girders—on shear forces and
the necessity of revised calculation methods; the study highlighted that the traditional
hypothesis, which assumes CSWs bear the entire vertical shear force, is inadequate for
tapered girders. Instead, the shear capacity contributions from inclined concrete slabs
must be considered to accurately predict shear performance. Subsequently, Zhou et al. [18]
proposed a unified calculation formula for predicting shear stresses in both prismatic and
tapered girders with CSWs, which was validated through extensive testing.

In fact, the Resal effect has both favorable and unfavorable impacts on the shear
capacity of tapered CSWs, depending on the structural form and the combination of
internal forces. Since the existing research does not consider the different Resal effects
on the calculation of shear force on tapered CSWs, based on this, this paper proposes an
improved shear method that considers the positive and negative Resal effects. Additionally,
the factors contributing to the positive and negative Resal effects as well as the mechanisms
of the Resal effect on adjusting the portion of the shear forces between the inclined bottom
slab and CSWs were also investigated. Finally, by analyzing and comparing the calculation
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results of the FE analysis and the improved shear method, an error analysis is carried out,
and the correctness of the improved shear method is verified.

2. Shear Force Calculation of Girder Bridges with CSWs
2.1. Existing Shear Calculation Methods

The current design codes in China and Japan [19,20] for girder bridges with CSWs
assume the following: (1) due to the accordion effect [21,22], only the contributions of the
concrete slabs to the sectional flexural and axial stiffness are considered; (2) ignoring the
shear capacity of concrete slabs, it is assumed that CSWs bear all the shear on the section
and the shear stress is evenly distributed along the web depth.

As shown in Figure 1, a prismatic cantilever girder is taken as an example to introduce
the traditional shear method. Axial load (N) and vertical concentrated load (P) are applied
at the free end of the cantilever girder, and a segment dx is selected as the research object,
which is under the combined bending moment (M), axial force (N), and shear force (Q).
As the CSWs have no resistance to the bending moment, the bending moment M can be
equivalent to two equal and opposite axial forces acting on the neutral axis of the top and
bottom slabs {T, C}. Similarly, the axial force is decomposed into two forces of N/2 acting
on the center of the concrete slabs. Based on the above assumptions, the existing calculation
method of shear force infers that the CSWs entirely bear all the shear force. Therefore, the
actual shear force Qactual of CSWs can be expressed in Equation (1). This calculation method
is named the traditional shear method.

Qactual = Q (1)
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2.2. Resal Effect

The axial force and bending moment induce an additional shear force at the bottom
slab in tapered girders, which makes the inclined bottom slab significantly contribute to
the shear capacity of the section, especially at the section where the internal forces are
larger, the additional shear force is also larger. The existence of additional shear force will
significantly influence the distribution of shear-sharing proportions between CSWs and
bottom slabs.

As shown in Figure 2, a tapered cantilever girder with CSWs, under vertical and
horizontal concentrated loads at the free end, was selected to illustrate the Resal effect. The
shear force calculation, based on the Resal effect, is conducted through a comprehensive
analysis of the tapered girder with CSWs, with the following basic assumptions: (a) the
girder with CSWs demonstrates elastic behavior in accordance with Hooke’s Law; (b) the
girder with CSWs is assumed to satisfy the quasi-plane section assumption under bending;
(c) the CSWs are devoid of axial force, with the bending moment exclusively borne by
the top and bottom concrete slabs. The inclination of the bottom slab in the horizontal
direction is α. Selecting a micro-segment dx of the girder as the analysis object, it can
be found that a combination of bending moment M, shear force Q, and axial force N is
applied to the selected cross-section. Due to the accordion effect of CSWs, the bending
moments are completely borne by the concrete slabs; therefore, the bending moment M can
be equivalent to a pair of force couples {T, C} acting on the center of the top and bottom slabs
(M = T·d = C·d), as shown in Figure 2. Apparently, the compression force of the bottom slab
(FN1) and the equivalent force (C) satisfy C = FN1·cosα. Through the vector decomposition of
the force acting on the inclined bottom slab, the vertical component QR1 of the compression
force FN1 is an additional shear force induced by the bending moment in the inclined
bottom slab. The axial force N is equivalent to a pair of forces {N/2, N/2} acting on the
center of the top and bottom concrete slabs, respectively. Similarly, the compression force
FN2 and the equivalent axial force N/2 satisfy the relationship of N/2 = FN2·cosα. The
vertical component QR2 of FN2 is an additional shear force acting on the inclined bottom
slab induced by the axial force N. Since the shear force on the section is self-balanced [22,23],
additional forces −QR1 and −QR2 are generated on the CSWs, which are equal and opposite
to the forces on the inclined bottom slabs. The additional shear forces QR1 and QR2 change
the shear-sharing proportion between the CSWs and the inclined bottom slab, and the
actual shear force on the CSWs is Qactual = Q − QR1 − QR2. The CSWs may no longer
endure all the shear force in this section as the inclined bottom slab resists a considerable
proportion of shear force, which is known as the Resal effect.

2.3. Improved Shear Method Considering Positive and Negative Resal Effects

Because the Resal effect activates the inclined bottom slab to resist shear force in
tapered girders with CSWs, the conventional hypothesis that the shear force in the section
is all borne by the web does not apply to tapered cases; therefore, the Resal effect must be
considered when calculating the actual shear force on tapered CSWs. As seen in Figure 2,
the direction of the additional shear force of the inclined bottom slab is related to the factors
of inclination angle of the bottom slab (α) and internal forces (M and N). To explain the
favorable and unfavorable influences of additional shear force on CSWs, the concept of
positive and negative Resal effects is suggested; in addition, to compare the influence of
different sectional profiles and internal force combinations on the Resal effect, two kinds of
tapered girders are designed, namely, a regular tapered girder and reverse tapered girder
as seen in Figure 3. The tapered girders with two fixed ends are subjected to a concentrated
load in the mid-span. The micro-segments a and b in the regular tapered girder and micro-
segments c and d in the reverse tapered girder were selected as the research objects. The
selected micro-segments are simultaneously subjected to a combined action of axial force N,
bending moment M, and shear force Q. Due to the different section forms and the internal
force combinations, the direction of the shear force QR on the inclined bottom slab and
the total shear force Q on the section may be the same or opposite. When QR is in the
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same direction as Q, the inclined bottom slab helps to share a certain part of the shear force
for the CSWs. We call the situation that the inclined bottom slab contributes to resisting
shear forces off the web as the positive Resal effect; conversely, if the additional shear force
QR on the inclined bottom slab helps to increase the shear force on the CSWs, then it is
called the negative Resal effect. Clearly, the positive Resal effect decreases the shear-sharing
proportion of the CSWs, while the negative Resal effect increases it. The types of tapered
girders, internal forces, the angle of the inclined bottom slab, and the effective web height
of the considered section all determine the influence trends and degree of the Resal effects.
The actual shear forces Qactual on the CSWs of micro-segments a, b, c, and d can be expressed
in Equation (2):

Qactual = Q + QR1 + QR2
Qactual = Q − QR1 + QR2
Qactual = Q − QR1 − QR2
Qactual = Q + QR1 − QR2

(2)Buildings 2024, 14, 2217 5 of 18 
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3. Finite Element Model

Two types of tapered girders with different section forms (regular tapered girder
(Model-1) and reverse tapered girder (Model-2) are established using ABAQUS to discuss
the impact of different Resal effects on the shear force transfer efficiency of tapered CSWs, as
shown in Figure 4a,b. Additionally, to study the distinction in resisting shear force between
tapered and prismatic girders and to verify the positive and negative Resal effects in tapered
girders, a prismatic girder (Model-3 in Figure 4c) is also established as a comparison. The
FE model uses a box girder section with a length of 4000 mm and a concrete slab width of
759 mm. The top concrete slab has an 80-millimeter thickness. Model-1 has a linear height
variation of 1000 mm at the fixed end to 800 mm at the mid-span and a linear thickness
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variation of 120 mm at the fixed end to 60 mm at the mid-span for the bottom concrete
slab. Model-2 has a linear height variation of 800 mm at the fixed end to 1000 mm at the
mid-span and a linear thickness variation of 60 mm at the fixed end to 120 mm at the
mid-span for the concrete bottom slab. The height of Model-3 is 900 mm and the bottom
concrete slab thickness is 80 mm. The CSWs have a 320 mm wavelength and a 5 mm
thickness. They are made up of a flat panel with an 86-millimeter length and an inclined
panel with a 74-millimeter projection length, a 44-degree folding angle, and a 44-millimeter
corrugation height.
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The C3D8R solid element is used to simulate concrete slabs, and the S4R shell element
is used to simulate CSWs in the FE models, as illustrated in Figure 5. In the elastic phase,
there is no shear slip between the CSWs and the concrete slabs at the connection interface.
To ensure that the deflection of the common element nodes is coordinated under loading,
the two materials are merged into a single instance using Boolean operations. Steel and
concrete are assumed to be homogeneous and isotropic materials. Concrete has an elastic
modulus of 3.46 × 1010 N/m2 and its Poisson’s ratio is 0.197. Steel has an elastic modulus
of 2.06 × 1011 N/m2 and its Poisson’s ratio is 0.3. A concentrated force of 168 kN is applied
to the girder’s mid-span. By creating free body cuts, the shear forces on the top slab, CSWs,
and bottom slab can be acquired separately. The influence of the positive and negative
Resal effects on the shear performance of the tapered CSWs is investigated in the next
section.
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Since the model was subjected to static loading within the elastic phase through-
out the FE analysis, the ABAQUS/Implicit solver was employed for the static analysis.
A comprehensive mesh convergence study was conducted to determine the optimal mesh
size, balancing accuracy, and computational efficiency. By incrementally refining the mesh
and analyzing the resulting variations in key output parameters, it was identified that
a mesh size of 20 mm achieves this balance effectively. This mesh size ensures that the
model captures the essential stress and deformation characteristics without unnecessary
computational overhead. The FE modeling method utilized in this study has been vali-
dated extensively in previous works [17,23], establishing the reliability and accuracy of the
approach in predicting the shear response of tapered girders with CSWs.

4. Results and Analysis
4.1. Shear Distribution between Concrete Slabs and CSWs

To quantify how the Resal effect influenced the shear distribution between concrete
slabs and CSWs, a series of free body cuts in the longitudinal direction of the girders are
defined in ABAQUS. The shear forces on the free body sections are extracted by integrating
the shear forces at the element nodes, and the shear-sharing proportion between the CSWs
and concrete slabs is investigated. Figure 6 shows the location of the selected free body
sections of the three FE models and the internal forces of each section.

1. Prismatic girder

The shear distribution between the concrete slabs and CSWs in the prismatic girder
is demonstrated in Figure 7a. Under a concentrated load of 168 kN, the theoretical shear
force on the CSWs should be −84 kN but the actual shear force is slightly lower than the
theoretical results because the concrete slabs also take a small proportion of the shear force.
The shear force in each part of the section basically does not change in response to internal
forces, and the Resal effect does not exist in the prismatic girder, which also shows that the
traditional shear method in the current codes that assumes the CSWs bear all the shear force
is valid for prismatic girders. The error of the traditional shear method can be controlled
within 13%.
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Figure 7. Shear forces carried by the top slab, CSWs, and bottom slab for (a) prismatic girder;
(b) regular tapered girder; and (c) reverse tapered girder.
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2. Regular tapered girder

Figure 7b shows the shear force distribution between the concrete slabs and CSWs in
the regular tapered girder, where the shear force carried by the top slab is negligible. Due
to the Resal effect, the CSWs and inclined bottom slab bear the majority of the shear force
in the section, and their shear forces vary greatly along the length of the girder with the
change in the internal forces. By extracting the shear force of the CSWs at section B—where
the bending moment is 0—as the reference value (−71,570 N), comparing it with other
calculated sections, and combining it with the analytical model in Figure 3, the following is
found: the additional shear force generated by the positive bending moment in the inclined
bottom slab is in the opposite direction to the total shear force in the section A and B, which
shows a negative Resal effect; consequently, the effective shear force of the CSWs is greater
than the reference value. In the positive bending moment region from section C to section
E, the additional shear force in the bottom slab is in the same direction as the total shear in
the section, which shows a positive Resal effect, thus the effective shear force of the CSWs
is less than the reference value. The Resal effect increases as the negative bending moment
increases, and the actual shear force of CSWs reduces accordingly.

3. Reverse tapered girder

Figure 7c shows the shear distribution between the concrete slabs and CSWs in the
reverse tapered girder, extracting the shear force of the CSWs at the section where the
bending moment is 0 (x = 1.28 m) as the reference value (−69,860 N). Since the axial force
is a constant, the orientation and amplitude of the bending moment and shear force vary
longitudinally. Among them, the shear force on the CSWs of sections A, B, and C is less
than 69,860 N under combined positive moment and negative shear force, which shows
a positive Resal effect. The shear force on the CSWs of sections D and E is greater than
69,860 N under the combined negative moment and negative shear force, showing a
negative Resal effect. In comparison to Figure 7b, it can be inferred that the different
tapered cross-sections may lead to different influences of the Resal effect.

4.2. Shear-Sharing Proportions

Figure 8a–c show the distribution of shear-sharing proportions of the top slab, CSWs,
and inclined bottom slab in the prismatic girder, regular tapered girder, and reverse tapered
girder, respectively. It is found that the distribution of the shear-sharing proportions of the
CSWs in tapered girders is different to that in a prismatic member because of the influence of
the inducing additional shear force. The distribution of shear-sharing proportions between
inclined bottom slabs and CSWs demonstrates a diametrically opposed trend in Figure 8b,c,
which is due to the different Resal effects induced by the opposite variable section forms.
The positive Resal effect will reduce the shear force of CSWs, while the negative Resal
effect will increase it. Specifically, the shear-bearing ratio of CSWs in the regular tapered
girder decreased from 88.62% to 65.37%, and the corresponding shear-sharing proportion
of the inclined bottom slab increased from 4.97% to 27.86%; the shear-sharing proportion of
CSWs in the reverse tapered girder increased from 74.37% to 86.74%, and the shear-sharing
proportion of the inclined bottom slab decreased from 21.54% to 2.75%. It can be inferred
that the traditional shear method is not reasonable in tapered girders, especially in the
positive Resal effect region, the shear capacity of the CSWs has a certain surplus but the
shear buckling strength of the CSWs is overestimated in the negative Resal effect region.
In addition, the shear capacity of the inclined bottom slab also needs to be considered in
predicting the shear strength of tapered girders with CSWs.
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5. Verification of Improved Shear Method

To further confirm the accuracy of the improved shear method, Figure 9 compares
the longitudinal distribution of actual shear forces on tapered CSWs obtained from the FE
calculation, the traditional shear method, and the improved shear method. The distribution
of shear forces predicted by the improved shear method agrees well with that of the
FE calculation, while the calculation from the traditional shear method would produce
unacceptable errors. The improved shear method considering the Resal effect can precisely
calculate the effective shear force on the CSWs in the tapered girders. It may result in a large
deviation between the traditional shear method and improved shear method, this is mainly
because the Resal effect is not considered in the traditional shear method. In addition,
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because the positive or negative Resal effects in regular and reverse tapered girders are
opposed to each other, the maximum error occurs in a regular tapered girder with CSWs
near the middle span, while the maximum error in a reverse tapered case occurs in the
right support.
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6. Analysis of Calculation Errors

Due to the additional shear force induced by the Resal effect in tapered girders with
CSWs, the inclined bottom slab contributes to the shear capability of the section under
its influence; however, the additional shear force of the inclined bottom slab has not been
included in the traditional shear method, so the traditional shear method cannot reflect
the actual stress state of the tapered girders with CSWs. With the FE results as reference,
Tables 1 and 2 compare and analyze the calculation errors of the traditional shear method
and the improved shear method in calculating the shear force of tapered CSWs.
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Table 1. Shear force on the CSWs for sections A–E obtained by the FE Model-1, traditional shear
method Equation (1), and improved shear method Equation (2). (Unit: N·m; N.)

Section M N FE Result
1⃝

Equation (1)
2⃝

Equation (2)
3⃝ | 1⃝– 3⃝|/ 1⃝ | 1⃝– 2⃝|/ 1⃝

A 24,300 −50,200 −74,440 −84,000 −77,909 4.66% 12.84%
B 0 −50,200 −71,570 −84,000 −74,707 4.38% 17.37%
C −25,140 −50,200 −67,750 −84,000 −70,631 4.25% 23.99%
D −49,030 −50,200 −64,160 −84,000 −67,260 4.83% 30.92%
E −74,480 −50,200 −59,050 −84,000 −63,602 7.71% 42.25%

Table 2. Shear force on the CSWs for sections A–E obtained by the FE Model-2, traditional shear
method Equation (1), and improved shear method Equation (2). (Unit: N·m; N.)

Section M N FE Result
1⃝

Equation (1)
2⃝

Equation (2)
3⃝ | 1⃝– 3⃝|/ 1⃝ | 1⃝– 2⃝|/ 1⃝

A 68,400 47,600 −62,470 −84,000 −59,556 4.66% 34.46%
B 44,000 47,600 −65,120 −84,000 −63,024 3.22% 28.99%
C 18,800 47,600 −68,210 −84,000 −65,463 4.03% 23.15%
D −5170 47,600 −71,120 −84,000 −68,391 3.84% 18.11%
E −30,700 47,600 −73,060 −84,000 −71,160 2.60% 14.97%

The results in Tables 1 and 2 show that the calculation errors of the shear force
predicted from the traditional shear method increase as the bending moment increases, and
the results predicted by the improved shear method are basically in agreement with the FE
calculations. From the above analysis, it can be concluded that the error is mainly because
the additional shear forces generated by the bending moments and axial forces are not
under consideration in the traditional shear method. Therefore, the error is larger in those
sections with larger shear forces and bending moments. Table 1 shows maximum error
values up to 42.25% in section E using the traditional shear method, while the calculation
error is only 7.71% when using the proposed improved shear method. In comparison to
the traditional shear method, the latter has higher accuracy in calculating the shear force of
CSWs in tapered girders.

7. Conclusion

In this study, the shear performance of tapered girders with CSWs is studied according
to the theoretical analysis and FE simulation. The following are the main findings of this
study:

(1) The traditional shear method for CSWs is suited for prismatic girders but inaccurate
for tapered girders due to the Resal effect, which causes the vertical component of the axial
force in the bottom slab to share part of the shear force, thereby influencing the effective
shear force experienced by the CSWs. The occurrence of positive or negative Resal effects
depends on both the internal forces and the structural configuration of the box girder;

(2) The concept of the positive and negative Resal effects in tapered girders with CSWs
are theoretically proposed and numerically confirmed through FE simulation in this study.
In cases of positive Resal effect, the inclined bottom slab will share a considerable portion
of the shear force with the CSWs, so that the CSWs have a surplus of shear capacity. Under
the negative Resal effect, there is an increase in the effective shear force of the web, posing
a risk of overestimating the shear buckling strength of the CSWs;

(3) By incorporating both positive and negative Resal effects, this study has introduced
an improved shear calculation method for determining the effective shear force on tapered
CSWs. The error analysis revealed that the traditional shear method, which assumes CSWs
bear all the shear force, is inadequate for tapered girders. The improved method reduced
maximum prediction errors from 42.25% to 7.71%, demonstrating significant accuracy
improvement.
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While this study provides significant insights into the shear performance of tapered
girders with CSWs and introduces the concepts of positive and negative Resal effects, there
are several limitations to our current methodology. Firstly, the effect of prestressing, which
is often applied in girder bridges with CSWs, was not considered in this study. Prestressing
can have a significant influence on the shear behavior of box girders, necessitating further
examination in future research. Secondly, this study focused on linear elasticity analysis,
with upcoming research aiming to investigate nonlinear shear buckling responses. Future
research will focus on investigating the influence of prestressing and the nonlinear behavior
of box girders under both positive and negative Resal effects.
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