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A B S T R A C T

Aggregate interlock is considered one of the most important shear transfer mechanisms in concrete members. In 
the well-established Two-Phase model proposed by Walraven in the 1980s, the shear stress transferred by 
aggregate interlock is estimated by calculating the projected contact areas of two crack surfaces. As one of the 
main assumptions in the model, the crack surface is idealized by a plain surface crossing randomly distributed, 
idealized spherical aggregates. This was a necessary simplification of an actual crack surface in the 1980s 
because of the lack of measurement equipment as well as computational capacity. With the development of high- 
accuracy 3D scanning techniques, new possibilities for modelling aggregate interlock have become available. 
This paper proposes a generalised method to determine the aggregate interlock stresses using the crack surface 
directly from 3D scanning. The proposed method is cross-verified with the Two-Phase model using the same 
simplified crack surface. A case study using the scanned crack surfaces of concrete cubes is conducted to 
investigate the influence of surface roughness. The proposed method provides a new possibility for conducting a 
refined investigation of the aggregate interlock for new concrete types, especially under the scope of the next- 
generation Eurocode shear provision.

1. Introduction

Shear stress can be transferred across a crack in concrete when the 
crack opening is relatively small. This phenomenon is commonly known 
as aggregate interlock. Aggregate interlock is considered one of the most 
important shear transfer mechanisms in cracked reinforced concrete 
(RC) members. Between the 1960s and 1980s, several researchers con
ducted detailed investigations into this topic, and several mechanical 
models were developed, such as the Two-Phase Model proposed by 
Walraven [1], the Contact Density Model proposed by Li et al. [2,3] and 
the Rough Crack Model proposed by Bazant and Gambarova [4]. Among 
those models, the Two-Phase Model has a wide application in the design 
practices of concrete structures. It is adopted and recognized by many 
theoretical models for the shear behaviour of RC members, such as the 
Modified Compressive Field Theory [5], the Critical Shear Crack Theory 
[6,7], the Critical Shear Displacement Theory [8,9], the Shear Crack 
Propagation Theory [10], and the Compression Chord Capacity Model 
[11–13]. These models eventually lead to the modern design code pro
visions for shear such as the Model Code [14], and the next-generation 
Eurocode [15]. Within this scope, it is needed to have an objective way 

to determine the aggregate interlock stresses for different types of con
crete. This paper proposes a computer-aided method to determine the 
aggregate interlock stresses within the theoretical framework of the 
Two-Phase model.

Although the Two-Phase model has been widely applied, it was 
derived and calibrated in the 1980s, focusing on the ‘regular’ concrete at 
that time. In the past 40 years, one has witnessed a leap in concrete 
technology. More recent types of concrete such as lightweight aggregate 
concrete (LWA), and high-strength concrete have been applied in engi
neering practices. As many researchers pointed out [16–18], smoother 
crack surfaces are observed in high-strength concrete and LWA concrete 
because of the fracture of aggregates. In those cases, lower aggregate 
interlock stresses are expected. When the Two-Phase model is used for a 
concrete type where aggregate cracking can be expected, the way to deal 
with that up to now has been quite simple, by just introducing a 
reduction factor between 0 and 1 for the contact area (e.g. 0.35 in Model 
Code [19]). Some other empirical reduction factors can be found in [17, 
20,21]. Although introducing a reduction factor is valid for some cases, 
it could be too simple for other cases, especially for types of concrete 
where most or partial aggregates are expected to be cracked.
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Some numerical studies have employed mesoscopic numerical ap
proaches, including both continuum-based (e.g., FEM) [22–24] and 
discrete element methods (DEM) [25,26], to investigate how aggregates 
affect the mechanical properties and fracture process of concrete. These 
models simulate the interaction of aggregates and matrix material at the 
meso-scale, capturing crack propagation and stress transfer mecha
nisms. While these approaches provide valuable insights into the 
micromechanical behaviour, they mainly focus on the influence of ag
gregates on the concrete compressive and tensile behaviour.

Therefore, a more general and systematic way to quantify the in
fluence of surface roughness on aggregate interlock contribution within 
the scope of the physical-based aggregate interlock model is still needed. 
This is especially necessary with the introduction of the next-generation 
Eurocode shear provision [15] in which the size parameter ddg is linked 
to the aggregate size.

To do this, one of the main challenges is to describe a realistic crack 
surface of the new concrete type as what has been done in the Two-Phase 
model. Such a model typically requires a detailed analysis of cracking 
features, the distribution of aggregates in new types of concrete, and a 
large amount of test data for the model validation. Such resources are 
not always available. As an alternative approach, one can obtain the 
crack surfaces much easier nowadays with the development of high- 
accuracy 3D scanners [21]. In engineering practices, splitting tensile 
tests are often applied to evaluate the tensile strength of a concrete. In 
such tests, a localized crack surface is generated under tension. This is 
similar to a typical shear crack of an RC member. If the contribution of 

aggregate interlock can be determined based on those crack surfaces 
generated in splitting tensile tests, it is then an attractive option for 
engineers when they design the shear resistance of a structural member 
with new types of concrete. A similar approach has been suggested by 
Presvyri and Yang et al. in [27]. Their investigation was conducted in a 
2D manner. The aggregate interlock contribution determined by this 
method highly depends on the analysed cross-section, which can bring 
high uncertainties.

This paper proposes a generalised method to determine the normal 
and shear stresses generated by aggregate interlock by an actual crack 
surface based on 3D scanning. The proposed method can consider the 
irregularity of an actual crack surface and is verified using a simulated 
surface based on the same assumptions used in the Two-Phase model. 
Then, the aggregate interlock contribution obtained from the actual 
crack surface using the proposed method is presented and discussed. The 
results are also compared to theoretical predictions from several existing 
analytical aggregate interlocking models. The proposed method pro
vides new possibilities for further investigation of the influence of sur
face roughness and kinematic conditions on aggregate interlock stresses.

2. Brief overview of the Two-Phase Model

The main concepts of the Two-Phase model are depicted in Fig. 1. 
The model describes a crack surface in concrete by a plane crossing the 
surfaces of aggregates embedded in the concrete paste. The distance 
between the centre of the aggregate and the cracked plane is defined as 

Fig. 1. Schematic illustration of the Two-Phase model adapted from [1]: (a) intrusion volume due to sliding; (b) intrusion volume between the cement paste and 
aggregates in cross-section A; (c) contact stresses on a single aggregate.
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the embedded depth u. It further assumes that the aggregates are perfect 
spheres and follow Fuller’s distribution curve [28]. The cement paste is 
assumed to be a rigid-plastic material with yielding strength σpu, without 
consideration of yield condition and normality to the yield surface. 
Thus, shear and normal stresses arise when the aggregates intrude on the 
yielding cement paste under a given displacement between crack sur
faces. The magnitudes of the stresses are related to the projected area in 
the x and y direction of the intrusion volume of the aggregates, namely 
Ax and Ay, as indicated in Fig. 1c. The detailed derivation of the model 
can be found in [1]. The model shows good accuracy compared to 
experimental data obtained from push-off tests, especially for the con
crete with cube compressive strength lower than 60 MPa [1,29].

3. Methodology

3.1. Overview

As explained, to account for the surface roughness of a random 
concrete mixture more accurately, we propose to use directly the 3D 
scanned measurement instead of the simplified crack surface suggested 
in the Two-Phase model. By applying displacement to the crack surface, 
the intrusion volume can be obtained and used to determine Ax and Ay in 
the Two-Phase model. Here, we assume that the aggregate interlock 
stresses along the crack can still be described by Ax and Ay according to 
the Two-Phase model: 
[

σ
τ

]

= σpu

[
1 − μ
μ 1

][
Ax
Ay

]

(1) 

σpu = 6.39 ×
(

fc,cube

)0.56
in MPa (2) 

in which σpu is the yielding strength of the cement paste. Because the 
cement paste is assumed to be a rigid-plastic material, σpu becomes the 
contact pressure between the concrete paste and aggregates, μ = 0.4 is 
the friction coefficient and fc,cube is the cube compressive concrete 
strength.

Fig. 2 summarizes the main steps of obtaining the projected area 
proposed in this paper. The proposed method consists of five steps, 
namely acquisition of 3D scanning data, reconstruction of the crack 
surface, implementation of crack kinematics, determination of intrusion 
volumes and projected areas, and calculation of aggregate interlock 
stresses. The following sections present the concepts and steps of the 
proposed method in detail. The demonstration is conducted based on a 
crack surface from a splitting tensile test specimen as discussed in the 
introduction, but it is generally applicable to any type of crack surface.

3.2. Acquisition of 3D scanning data

The concrete specimen used in this paper for the demonstration is a 
concrete cube (150 mm × 150 mm × 150 mm) made of geopolymer 
concrete. More information about the material can be found in [30]. 
Fig. 3a shows the crack surface after the splitting tensile test. It can be 
seen that many aggregates are broken in the crack surface due to the use 
of recycled aggregates, which contradicts the assumptions used in the 
Two-Phase model. The influence of this contradiction will be further 
discussed in Section 5.4 when compared to the theoretical models. The 
point cloud data used in this paper is obtained using a HandyScan 
BLACK handheld scanner from Creaform [31], but the data acquisition 
can be done by other 3D scanners. The used scanner can provide a 
maximum resolution of 0.025 mm. Fig. 3b shows the scanned point 
cloud. In literature [18,32,33], it is recommended to use a spacing close 
to 0.25 mm. In this study, the spacing for scanned surfaces is around 

Fig. 2. Main steps and working flowchart of the proposed method.
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0.20 mm.

3.3. Reconstruction of the crack surface

Once the scanned point cloud data is obtained, a 3D surface is 
reconstructed by the algorithm developed by Di Angelo et al. [34]. The 
algorithm allows a fast construction of 3D triangular meshes based on 
3D point cloud data. Fig. 4a displays the meshes after the surface 
reconstruction and Fig. 4b illustrates how the points are connected. The 
same method can be applied to the reconstruction of the top surface. A 
total of 280,014 and 283,252 triangular meshes are generated for the 

bottom and top surfaces, respectively. A hidden assumption behind this 
step is that the geometrical irregularity of the crack surfaces from both 
sides of a crack is identical because we assume that the mismatched area 
between the two crack surfaces only consists of a small portion of the 
total crack surface. This assumption is also used in the Two-phase model. 
Although this assumption may not hold in reality, the main aim of this 
paper is to propose a general method to determine the aggregate 
interlock using 3D scanning. Fig. 4c depicts the final virtual specimen 
after assembling two surfaces.

Fig. 3. The crack surface used for the demonstration: (a) crack surface after a splitting tensile test; (b) scanned point cloud of the crack surface.

Fig. 4. Surface reconstruction from point cloud data: (a) triangular meshes after surface construction; (b) zoom-in view for triangular meshes; (c) virtual specimen 
after assembling two surfaces.
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3.4. Implementation of crack kinematics

In general, a crack can experience two types of kinematics, namely 
opening w (Mode I) and sliding Δ (Mode II). These two kinematics 
correspond to the normal and tangential displacement along the crack 
surface, respectively. In the virtual test, the bottom surface is fixed and 
the crack kinematics are applied to the top surface. Then, the intrusion 
volume between two surfaces can be determined and used to calculate 
the projected areas.

In the following demonstration, the crack opening w is applied in the 
y-direction and the sliding Δ is applied in the x-direction. Since the 
bottom surface is fixed, these crack kinematics can be achieved by the 
following equation: 

Ctop,w,Δ = Ctop +T =

⎡

⎣
xtop
ztop
ytop

⎤

⎦

ʹ

+

⎡

⎣
Δx
Δz
w

⎤

⎦

ʹ

(3) 

where Ctop,w,Δ is the coordinates matrix of all vertices of the top surface 
after applying crack kinematics, Ctop is the original coordinates matrix of 
all vertices of the top surface, and T is the global translation vector.

It should be mentioned that Eq. (3) is a generalized form to apply 
uniform crack kinematics. In the following analysis, only the sliding in 
the x-direction Δx is applied for the sake of simplicity. Fig. 5a shows the 
virtual specimen after implementing the crack kinematics.

3.5. Determination of intrusion volumes and projected areas

3.5.1. Boolean operation between two crack surfaces
After applying the kinematics to the virtual specimen, the top crack 

surface can partially intersect with the bottom surface and some intru
sion volumes can be observed between the two closed surfaces. 

Essentially, these intrusion volumes are the volumes shared by the two 
closed surfaces. Therefore, the geometric conjunction (intersection) of 
the Boolean operation can be applied to the two closed surfaces to obtain 
intrusion volumes. We use the iso2mesh toolbox developed by Fang [35, 
36] to achieve this goal. This operation is essentially a Boolean opera
tion between two closed objects. After the Boolean operation, one of the 
intrusion volumes can be seen in Fig. 5b. With the intrusion volumes in 
hand, the projected areas can be further calculated.

3.5.2. Maximum contact phase in the Two-Phase model
In the Two-Phase model, a maximum contact phase is defined when 

the sliding Δ exceeds the maximum sliding value Δb. In this stage, the 
projected areas do not grow as the sliding increases. Part of the intrusion 
volume, highlighted by the dashed line in Fig. 6a, should be reduced in 
the calculation because of the fully plasticized mortar. To incorporate 
this phase in the proposed method, we use the outward unit normal 
vectors of the triangular meshes to select the meshes for calculating the 
projected area.

As shown in Fig. 6a, the outward unit normal vector is projected on 
the x-y plane first. Then, the angle α enclosed by the projected vector 
and the positive direction of the x-axis can be calculated. For sign 
convention, the clockwise direction from the projected vector to the 
positive direction of the x-axis is considered to be positive in this 
calculation. Then, by selecting the meshes with an angle α falling within 
the interval (π/2, π) to calculate the projected areas, the maximum 
contact phase can be incorporated into the proposed method.

When it comes to the situation where the aggregate is embedded in 
the top crack surface, as shown in Fig. 6b. The bottom crack surface is 
fixed and the sliding is subjected to the top crack surface. In this situa
tion, the meshes with an angle α falling within the interval (3π/2, 2π) 
should be selected to calculate the projected areas.

Fig. 5. Virtual specimen after applying crack kinematics (w = 0.5 mm, Δx = 5 mm): (a) the overview of all intrusion volumes; (b) a zoom-in look at an individual 
intrusion volume.
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The aforementioned selection criterion for meshes is established 
based on the fact that the crack surface where the aggregate is embedded 
is known. However, for a generally scanned crack surface, whether an 
arbitrary intrusion volume is an aggregate is unknown. Fig. 6c shows the 
intrusion volumes of two arbitrary crack surfaces. It can be seen that two 
different possible reduced volumes can be found. An additional step is 
needed to select the set of meshes to calculate the projected area.

3.5.3. Selection of meshes for calculating the projected areas
For a general intrusion volume, two groups of meshes can be selected 

based on the vector angle α. The meshes with an angle α falling within 
the interval (π/2, π) are defined as the back meshes since the dot product 
between those projected vectors and the sliding direction is negative. 
For the meshes with an angle α falling within the interval (3π/2, 2π), 
they are defined as the front meshes since the dot product between those 
projected vectors and the sliding direction is positive. With the two sets 
of selected meshes, the projected area of them can be calculated sepa
rately. The principle of the calculation of projected areas is illustrated in 
Fig. 7a. The projected areas Ax and Ay can be calculated using the 
following equations based on the selected meshes: 

Ax =
∑N

i=1
ai cos(ni, ez) =

∑N

i=1
ai

⃒
⃒
⃒
⃒

ni⋅ez

‖ni‖‖ez‖

⃒
⃒
⃒
⃒ (4) 

Ay =
∑N

i=1
ai cos(ni, ex) =

∑N

i=1
ai

⃒
⃒
⃒
⃒

ni⋅ex

‖ni‖‖ex‖

⃒
⃒
⃒
⃒ (5) 

where Ax is the total projected area in the x-z plane, Ay is the total 
projected area in the y-z plane, N is the total number of triangular 
meshes, ai is the area of the ith triangular mesh, ni is the outward normal 
vector of the ith triangular mesh, ex, ey and ez are the unit basis vector of 
the global coordinate system.

Fig. 7b and c show the projected areas based on the front and back 
meshes respectively. To satisfy the requirement of the maximum contact 

phase, the selected meshes should maximize the sum of the projected 
areas. Therefore, by comparing the sum of the projected area obtained 
from the two sets of meshes, the set of meshes used to calculate the 
projected areas can be determined. In the case shown in Fig. 7, the front 
meshes are selected to calculate the projected areas for the intrusion 
volume.

3.6. Calculation of aggregate interlock stresses

The procedure in the previous section is used to calculate the pro
jected areas for an individual intrusion volume. By utilizing the same 
procedure for all the intrusion volumes of the virtual specimen shown in 
Fig. 5a, the total projected areas of the crack surface Ax,total and Ay,total 
can be obtained. Then, the aggregate interlock stresses generated by the 
crack surface under given kinematics can be calculated by the following 
equation: 
[

σ
τ

]

=
σpu

Acr,xz

[
1 − μ
μ 1

][
Ax,total
Ay,total

]

(6) 

where Acr,xz is the projected area on the x-z plane of the virtual 
specimen.

It should be mentioned that Eq. (6) is different from Eq. (1). The unit 
of Ax and Ay in Eq. (1) used in the Two-Phase model is mm2/mm2 since 
the model was derived based on a unit cracked surface, while the unit of 
Ax,total and Ay,total is mm2. To convert the results into stresses, the right- 
hand side must be divided by Acr,xz.

4. Verification against the Two-Phase model

The proposed method can be considered as an extended and gener
alized version of the Two-Phase model since the assumptions used in the 
proposed method are the same as those used in the Two-Phase model. 
The main extension of the proposed method is that it enables the usage 

Fig. 6. Generalised maximum contact phase adapted from [1]: (a) case when the aggregate is embedded in the bottom surface; (b) case when the aggregate is 
embedded in the top surface; (c) case for two arbitrary crack surfaces.
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of a real crack surface with random irregularities under the framework 
of the Two-Phase model. To verify the proposed method, we apply it on a 
simplified crack surface which strictly follows the same assumptions 
used in the Two-Phase model. If the proposed method can produce 
similar predictions as the analytical model, one may conclude that it is 
equivalent to the analytical model, and this allows for a further inves
tigation of scanned surfaces using the proposed method. The following 
sections present the detailed procedure of cross-verification against the 
Two-Phase model.

4.1. Generation of simulated crack surfaces

The simplified crack surface used in the Two-Phase model is a plane 
crossing several perfectly spherical aggregates. To generate such sur
faces, a virtual concrete cube (i.e., 150 mm × 150 mm × 150 mm) filled 
with perfectly spherical aggregates is first generated. This is achieved by 
applying the three-dimensional packing algorithm proposed by Al- 
Jelawy and Al-Rumaithi et al. [37]. The maximum aggregate size Dmax 
is set to 32 mm for cube generation. Fig. 8a and b show the generated 
cube and the corresponding cumulative curve of aggregates. The simu
lated cumulative curve of aggregates follows the ideal Fuller’s 
distribution.

The particle ratio pk between aggregate volume and concrete volume 
used to generate the cube is 0.75 according to the Two-Phase model. It 

should be noted that the minimum diameter in the simulated cube is set 
to a quarter of Dmax to limit the time to randomly assign a spatial 
location for an aggregate with a small diameter. Accordingly, an 
adjustment is made in the Two-Phase model when comparing the 
simulation results with the Two-Phase model. The adjustment is 
described in the Section 4.2.

In this verification, three cubes are generated. For each cube, nine 
cross-sections at different heights are selected to create the crack sur
faces, leading to 27 surfaces for cross-verification. For the chosen cross- 
sections, the point cloud data is generated according to the locations of 
the aggregates. Fig. 8c and d show the point cloud data of two crack 
surfaces at different heights. The average spacing of the point cloud data 
is set to around 0.44 mm, comparable to the scanned data used in this 
paper. With the point cloud data, the proposed method described in 
Section 3 is used to calculate the aggregate interlock stresses.

In general, the crack surface does not cross the spherical aggregates 
through their centres, which leads to the aggregates having an 
embedded depth u, as shown in Fig. 1c. It can be seen that the embedded 
depth u of the aggregate can affect the calculation of Ax and Ay. In the 
Two-Phase model, u is assumed to be a random variable evenly 
distributing within the interval [0, R] to consider the influence of u. In 
this verification, choosing the cross-sections at different heights of the 
cubes is considered as an independent random realization of generating 
different embedded depth u.

Fig. 7. Calculation of the projected areas: (a) schematic illustration for calculating projected areas; (b) the calculated projected areas based on the back meshes; (c) 
the calculated projected areas based on the front meshes.
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4.2. Adjustment in the Two-Phase model for verification

As mentioned in Section 4.1, for the sake of computational efficiency, 
it is chosen to limit the minimum aggregate diameter at 0.25Dmax in the 
packing algorithm. This limit means that the Two-Phase model has to be 
modified to neglect the contribution of the aggregates with a diameter 
smaller than 0.25Dmax. This is achieved by adjusting the lower bound 
Dmin of the integral equation in the Two-Phase model, as shown in Eq. 
(7). It should be noted that this adjustment in minimum aggregate size is 
only used in the verification section due to the limitations of the packing 
algorithm. 
[

Ay
Ax

]

=

∫ Dmax

Dmin

n(D)
[

ayD
axD

]

dD (7) 

Dmin = max {0.25Dmax, f(w,Δ)} (8) 

where axD and ayD are the expected projected area in the x-z plane and 
the y-z plane for an aggregate with a diameter D, n(D) is the expected 
number of intersected aggregates with a diameter of D within a unit 
length and f(w,Δ) is a function to determine the Dmin in the Two-Phase 
model.

4.3. Verification results and discussions

4.3.1. Overview of used parameters and kinematics
In the verification, a constant initial opening w of 0.5 mm is used, 

and the sliding Δx is applied in the x-direction starting from 0.1 to 4 mm 
with a step size of 0.2 mm. It should be noted that the chosen kinematics 
does not affect the generality of the verification. The cube compressive 
concrete strength fc,cube is assumed to be 57.9 MPa, and the coefficient of 
friction μ is adopted as 0.4 according to the Two-Phase model.

4.3.2. Verification results and discussions
Fig. 9a and b show the verification regarding the aggregate interlock 

stresses between the Two-Phase model and the proposed method. Here, 
the results from the Two-Phase model and the proposed method are 
referred to as analytical and simulated results respectively. The simu
lated results are the collection of the results of 27 simulated crack sur
faces. The overall tendency of the simulated results is comparable to the 
analytical results. For a better illustration, the filled colour of the scatter 
is set with transparency to reflect the concentration level of the results. It 
can be seen that the simulated results from different crack surfaces are 
not identical and they are distributed within a certain bandwidth. This 
distribution reflects the influence of the embedded depth u.

The verification results suggest that the analytical results are on the 
lower side of the simulated results, especially for the normal stresses. 

Fig. 8. A simulated cube with maximum aggregate size Dmax = 32 mm and particle ratio pk = 0.75: (a) overview of the simulated cube; (b) comparison between ideal 
Fuller’s distribution and simulated cumulative curve of aggregates; (c) point cloud data of the simulated surface at H = 60 mm; (d) point cloud data of the simulated 
surface at H = 120 mm.
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One possible reason for this overestimation in the simulated results is 
that a contact event can also occur between the aggregates in the pro
posed method. As shown in Fig. 10a, when two aggregates are adjacent 
and embedded in the opposite crack surfaces respectively, two separate 
intrusion volumes are considered when the sliding is small. As the 
sliding increases, these two aggregates start to contact and the two 
separate intrusion volumes merge into one single intrusion volume, as 
indicated in Fig. 10b. This merging effect results in larger projected 
contact areas, especially in the y-direction, compared to the sum of in
dividual projected areas of two small intrusion volumes. Consequently, 
the calculated interlock stresses are higher than those predicted by the 
analytical model, which assumes an idealized, independent contact 
event between aggregate and concrete paste.

On the other hand, the contact event between the aggregates is not 
considered in the Two-Phase model since it is established based on the 
contact event between an individual aggregate and cement paste. It is 
possible to have such contact events between two real crack surfaces. 
One may argue that the Two-Phase model has indirectly covered this 
effect through calibration with test data. Therefore, these two contact 
events are not treated separately in the proposed method. Overall, the 
performed cross-verification proves the validity of the proposed method 
and the Two-Phase model.

4.3.3. Sensitivity on crack surface size
The previous section shows that the simulated results based on the 

crack surface with a size of 150 × 150 mm are scattered. This high 
scatter could be caused by the crack surface not being large enough to 
eliminate the influence of embedded depth u. Therefore, the scatter of 
the simulated results shall be reduced if the crack surface size becomes 
larger.

In this section, a sensitivity investigation of the influence of crack 
surface size on the simulated aggregate interlock stresses is conducted. 
The simulated results of a crack surface size of 150 mm × 150 mm are 
randomly combined to realize another 27 crack surfaces with a larger 
size. Fig. 11a and b show the crack surface with sizes of 150 mm 

× 300 mm and 300 mm × 300 mm after combining two and four 
smaller surfaces, respectively.

Fig. 11c and d compare the results generated by the surfaces with the 
sizes of 150 mm × 150 mm and 300 mm × 300 mm. The mean value of 
collected results from 27 crack surfaces is indicated by a dashed line and 
the standard deviation is indicated by a band. It can be seen that the 
mean values from different sizes are very close because the assumptions 
for aggregate distribution and geometry are the same. However, the 
standard deviation of the results decreases significantly with a larger 
crack surface because a larger crack surface can have more varieties for 
the random variable u, eliminating its influence on the results.

By doing such an analysis, a representative crack surface size can be 
recommended to determine the aggregate interlock stresses of the actual 
crack surface. According to the results of the current analysis, it is rec
ommended to use a crack surface with a size of at least 300 mm 
× 300 mm to determine the aggregate interlock stresses.

5. Application to scanned crack surfaces

5.1. Overview information

In this section, the proposed method is applied to four actual crack 
surfaces as a demonstration. The four crack surfaces are from splitting 
tensile tests of four standard concrete cubes. Two of them are made of 
geopolymer concrete and the other two are made of normal concrete. 
The 28-day average cube compressive concrete strength of the geo
polymer cubes is 57.9 MPa and that of the normal concrete is 58.1 MPa, 
respectively. The maximum aggregate size of the geopolymer cubes is 
16 mm. More information about the mixture design can be found in [30, 
38]. The maximum aggregate size of the normal concrete cubes is 
32 mm and the mixture composition of normal concrete can be seen in 
Table 1. The point cloud data is obtained using a handheld scanner 
HandyScan Black from Creaform [31]. Fig. 12 shows the four scanned 
surfaces, they are named by Geo-1, Geo-2, Nor-1 and Nor-2. It should be 
mentioned that only one scanned surface is used for each cube because 

Fig. 9. Verification results between the analytical results and the simulated results: (a) normal stress; (b) shear stress.

Fig. 10. Contact event between two aggregates: (a) intrusion volumes develop separately when the sliding is relatively small; (b) union of intrusion volumes when 
the sliding is large.
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the counterpart is assumed to be identical according to the assumption 
used in the Two-Phase Model.

To quantify the irregularity of a surface, the surface roughness index 
proposed by Lange et al. [33] is calculated using the following equation: 

Rs =
Aa

Ap
(9) 

where Rs is the surface roughness index, Aa is the actual surface area, Ap 
is the projected surface area and the projected area in the x-z plane is 

Fig. 11. Sensitivity analysis on the crack surface size: (a) a crack surface with size of 150 mm × 300 mm; (b) a crack surface with size of 300 mm × 300 mm; (c) 
comparison of statistics from different crack surface sizes in normal stress; (d) comparison of statistics from different crack surface sizes in shear stress;.

Table 1 
Mixture composition of normal concrete.

Material Content [kg/m3]

CEM IIIB 42.5 N LH/SR 382
Sand 0–4 mm 815
Gravel 4–32 mm 1041
Superplasticizer 1.376
Water 113
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used in this paper.
As pointed out by Tirassa et al. [21], the surface roughness index can 

be different if a different point spacing is used. In this calculation, the 
average spacing of the point cloud is 0.20 mm. Besides the surface 
roughness index Rs, the conventional morphological metrics to indicate 
the surface roughness, including the maximum peak height Sp, the 
maximum valley depth Sv and the maximum surface height Sz, are also 
calculated.

Table 2 summarizes the mechanical properties and the surface 
roughness indexes of the scanned cubes. The two types of concrete are in 
comparable surface roughness index range although their maximum 
aggregate sizes are different. In both concrete types, the variation of the 
surface roughness index is large, which is also reported in the work by 
Tirassa et al. [21].

5.2. Results

In this analysis, the bottom surface is established based on the 
scanned data and the top surface is assumed to be identical as mentioned 
above. The deformation described below is only subjected to the top 
surface, and the bottom surface is assumed to be fixed. The opening is 
applied in the positive y-direction first and the opening is kept constant 
when a sliding is applied. The sliding is applied in the positive x-direc
tion from 0.1 to 4.0 mm with a step size of 0.2 mm to generate one set of 
results. To investigate the influence of the opening on the aggregate 
interlock stresses, the opening also varies from 0.1 to 1.1 mm with a step 
size of 0.2 mm.

Fig. 13a compares the results of the aggregate interlock stresses of 

Geo-1 and Geo-2 with different crack kinematics. The convention of 
normal stresses is negative. The solid markers indicate the results of Geo- 
1, and the hollow markers represent the results of Geo-2. It can be seen 
that the aggregate interlock stresses generated by Geo-1 and Geo-2 are 
different. The differences become smaller when the opening is larger. 
Although the surface roughness index of Geo-1 is smaller, the aggregate 
interlock stresses generated by Geo-1 are larger than those of Geo-2, 
especially when the opening is small. This could be caused by the fact 
that the irregularity of cracked surfaces is not symmetrical, which means 
that the sliding direction can affect the aggregate interlock responses.

Fig. 13b compares the results of the aggregate interlock stresses of 
Nor-1 and Nor-2 with different crack kinematics. As expected, under the 
same kinematics, the aggregate interlock stresses of Nor-1 are larger 
than those of Nor-2 as the surface roughness index of Nor-1 is higher. 
The increase in aggregate interlock stresses due to a larger surface 
roughness index is more significant in the shear stresses. Similar to the 
observation in Geo1 and Geo-2, the differences in aggregate interlock 
stresses between two surfaces become smaller as the opening increases.

5.3. Influence of sliding direction

In the demonstration shown in Section 5.2, Geo-2 gives a lower 
aggregate interlock stresses compared to Geo-1 although the surface 
roughness index of Geo-2 is higher. One of the possible reasons is that 
the asperity of the surfaces varies in different directions. For the ideal
ized surfaces shown in Section 4, the asperity is symmetrical since the 
perfectly spherical aggregates are used and therefore the aggregate 
interlock responses are the same. While the asperity of the actual crack 

Fig. 12. Scanned crack surfaces: (a) Geo-1; (b) Geo-2; (c) Nor-1; (d) Nor-2.

Table 2 
Mechanical properties and surface roughness indexes of the scanned concrete cubes.

Specimen Average 28 days cube compressive 
strength fc,cube [MPa]

Maximum aggregate 
size Dmax [mm]

Surface roughness 
index Rs [-]

Maximum peak 
height Sp [mm]

Maximum valley 
depth Sv [mm]

Maximum surface 
height Sz [mm]

Geo− 1 57.9 16 1.115 6.37 6.68 13.05
Geo− 2 1.209 7.13 8.86 15.99
Nor− 1 58.1 32 1.216 12.74 12.80 25.54
Nor− 2 1.147 8.68 14.79 23.48
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Fig. 13. Aggregate interlock stresses from scanned crack surfaces under different kinematics: (a) results of Geo-1 and Geo-2; (b) results of Nor-1 and Nor-2.

Fig. 14. Influence of sliding direction on aggregate interlock stresses based on Geo-2: (a) comparisons between the positive and negative x-direction; (b) comparisons 
between the positive x-direction and z-direction.
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surfaces is not symmetrical in most cases, therefore, applying the sliding 
in different directions may result in different aggregate interlock 
stresses.

In this section, two additional analyses with the sliding in the 
negative x-direction and the positive z-direction are conducted using 
Geo-2 to compare against the previous calculation, i.e., the sliding in the 
positive x-direction. Fig. 14 compares the results of Geo-2 under 
different sliding directions. It can be seen that the sliding directions can 
significantly affect the aggregate interlock stresses.

The variation of aggregate interlock responses in different directions 
can be explained using the distribution of outward unit normal vectors 
n. Fig. 15 shows an arbitrary crack surface under pure sliding in the 
positive x-direction subjected to the top surface. The directional vector 
of the sliding s can be considered to be (1,0). It can be seen that for the 
bottom surface only the locations, which satisfy the condition cos(n,s) 
≤ 0, as highlighted by green in Fig. 15, have the potential to contribute 
to the intrusion volume. By calculating the projected area Ay of those 
locations, a possible maximum contact area Ay,max can be obtained.

Table 3 summarizes the results of Ay,max in four different directions. 
The results show that there are differences in Ay,max in different di
rections and these differences in Ay,max align with the variation in 
aggregate interlock stresses. Based on the results, It can be expected that 
the aggregate interlock stresses in the negative z-direction are the 
smallest among the four directions. The deviations of Ay,max observed in 
different directions may be attributed to the spatial variation of concrete 
paste strength and the randomness of the fracture process.

This study shows that other than the surface roughness index, other 
parameters such as the sliding direction can affect the aggregate inter
lock stresses. To determine more representative aggregate interlock 
contributions, the average or characteristic value of the results from 
different directions should be considered. Besides, a sample with a larger 
size is needed as presented in Section 4.3.3.

5.4. Comparison against theoretical models

As mentioned in the introduction, there are several theoretical 
models of aggregate interlock in literature. In this section, three me
chanical models for aggregate interlock including the Two-Phase model 
[1,29], the Contact Density Model [2,3] and the Rough Crack Model [4]
are used to calculate the aggregate interlock stresses and to make a 
comparison against the results obtained from the four scanned surfaces.

In the comparison, three crack openings are selected: 0.1 mm, 
0.5 mm and 1.1 mm. Although using a crack surface with a small size 
could result in a high scatter, it is still beneficial to compare the ten
dency. Fig. 16a compares the results from scanned surfaces of geo
polymer concrete and the calculations based on theoretical models. The 
results of the scanned surfaces are obtained based on the sliding in the 
positive x-direction. The scanned results are aligned with the results 
given by the Two-Phase model although the aggregate interlock stresses 
of Geo-2 are lower due to the sliding direction. The Contact Density 
Model gives higher values than the scanned results in general except 
when the opening is small. Regarding the results given by the Rough 
Crack Model, they are only aligned with the scanned results when the 
opening and sliding are large.

Although the results from the Two-Phase model and scanned surface 

are generally aligned, there are some deviations when the sliding is 
smaller. This can be attributed to the recycled aggregates in the used 
geopolymer cubes. The recycled aggregates have a lower strength due to 
the thermal processing and the breakage of the aggregates can be 
observed on the crack surface [30] after the splitting tensile test, leading 
to reduced aggregate interlock stresses.

It is worthwhile to point out that the Contact Density Model is closer 
to the scanned results in both normal and shear stresses when the 
opening is 0.1 mm. However, as the opening increases, the Contact 
Density Model produces much higher results. This could be because the 
aggregate interlock stresses are strongly related to the crack surface 
geometry when the crack opening is small. The crack surface geometry is 
well captured by the crack plane angle distribution by the Contact 
Density Model, which is also demonstrated in [21,27]. As the opening 
increases, the distribution of larger aggregates plays a more important 
role since the aggregate interlock stresses are mainly contributed by the 
contact between several aggregates and the cement paste. The Contact 
Density Model does not account for aggregate distribution, while the 
Two-Phase model does. This explains why the scanned results align 
more with the Two-Phase model when the opening is larger.

Fig. 16b compares the results from scanned surfaces of normal con
crete and the calculations based on theoretical models. The results of the 
scanned surfaces are obtained based on the sliding in the positive x-di
rection. Similar conclusions can be drawn as previously. However, since 
the normal concrete is used and the aggregates are intact on the crack 
surface, it can be seen that the results given by the Two-Phase model are 
comparable in magnitude compared to the scanned results even when 
the sliding is small.

5.5. Discussions on the surface roughness index

As shown in Sections 5.2 and 5.3, despite the influence of the sliding, 
the aggregate interlock stresses can be similar even when the surface 
roughness indexes are different. This mismatch may imply that the 
surface roughness index cannot sufficiently reflect the influence of sur
face irregularity on aggregate interlock stresses. This mismatch between 
the surface roughness index and the aggregate interlock stresses can be 
exemplified by using an extreme example shown in Fig. 17a and b. The 
first surface is a square with a hemisphere with a radius of 12 mm in the 
centre and the second is a square with a half cube with a side length of 
15 mm. The surface roughness indexes of these two surfaces are the 
same according to Eq. (9), which are 1.181. Moreover, the two surfaces 
are symmetrical, so the sliding direction does not affect the projected 
area calculation.

Applying an opening of 0.5 mm and sliding in the positive x-direc
tion, the projected area in two directions can be obtained, and the results 
are summarized in Fig. 17c and d. It can be seen that the projected area 
developments of the two surfaces are very different, although the surface 
roughness indexes are the same. The surface with a sphere has a larger 
projected area when the sliding is larger compared to the one with a 
cube. This can be explained by the concept of the possible maximum 
projected area Ay,max mentioned in Section 5.3. For the sphere surface, 
the Ay,max is 226.3 mm2, while that of the cube surface is 112.5 mm2.Fig. 15. Schematic illustration of an arbitrary cracked surface.

Table 3 
Possible maximum projected area Ay,max of Geo-2 in different directions.

Direction Sliding vector 
s

Possible maximum projected area Ay,max 

[mm2]

Positive x- 
direction

(1,0,0) 3069.5

Negative x- 
direction

(− 1,0,0) 4048.8

Positive z- 
direction

(0,1,0) 3655.0

Negative z- 
direction

(0,− 1,0) 2416.3

J. Lu et al.                                                                                                                                                                                                                                        Engineering Structures 343 (2025) 120963 

13 



5.6. Limitations and possible applications

The demonstrations shown in Section 5 show the feasibility of the 
proposed methodology in actual crack surfaces and the comparisons 
against the theoretical models are promising, especially against the Two- 
Phase Model. However, it should be noted that the comparisons con
ducted in this paper are qualitative because there is a lack of experi
mental validation of the proposed method. For future studies, it is 

recommended to perform 3D scanning before and after the push-off test, 
then use the proposed method to calculate the aggregate interlock 
stresses and compare them to the experimental results. On the other 
hand, numerical validations based on continuum and discrete me
chanics are also recommended to further validate the proposed method, 
which can be an essential complement to experimental approaches.

If the proposed method can be experimentally or numerically vali
dated, it can be considered as an extension of the Two-Phase Model. The 

Fig. 16. Comparison between the scanned results and the calculations based on different theoretical models: (a) results of Geo-1 and Geo-2; (b) results of Nor-1 and 
Nor-2.
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proposed method can be used as a powerful tool to further investigate 
the aggregate interlock stresses for different types of new concrete. For 
engineering practice, the aggregate interlock stresses of new types of 
concrete can be determined by scanning several sample crack surfaces, 
which is beneficial for design and assessment.

Regarding future research, a more extensive and quantitative study 
of the influence of the surface roughness on the aggregate interlock 
stresses, where the selection of the roughness parameter must also be 
taken into account, can be conducted. Moreover, for concrete types in 
which a significant portion of aggregates are expected to break, the 
assumption concerning contact pressure between the cement matrix and 
the aggregates may not be valid and thus requires experimentally 
recalibration. Besides, recent experimental research by Autrup et al. 
[39] and numerical research by Ungermann et al. [40] on aggregate 
interlock modelling have indicated that the aggregate interlock mech
anism exhibits a kinematics dependency and the original Two-Phase 
model overestimates the aggregate interlock stresses under the mixed 
mode loading. This overestimation may be attributed to the fact that the 
contact pressure is not constant. Moreover, as pointed out by Ulaga [41], 
the strength of concrete paste can vary spatially, which may influence 
the aggregate interlock responses and should be addressed in future 
research. The proposed method can be considered a tool to conduct such 
an investigation and can lead to better modelling of the aggregate 
interlock.

6. Conclusions

The present paper proposes a generalised method to determine the 
aggregate interlock contribution of different types of concrete using real 
crack surfaces from 3D scanning. The aggregate interlock stresses are 
calculated based on assumptions proposed by the Two-Phase model. The 

proposed method is cross-verified against the Two-Phase model using 
idealized crack surfaces with spheres. Then, the proposed method is 
further implemented in four scanned crack surfaces from cubes after 
splitting tensile tests to prove its feasibility. The influence of the surface 
roughness index on the aggregate interlock stresses is discussed using 
the proposed method. The proposed method shows great potential for 
further refined investigation of aggregate interlock in future studies. The 
results and discussion lead to the following conclusions as follows.

Regarding the cross-verification: 

• The cross-verification based on the idealized surfaces proves that the 
proposed method is equivalent to the original Two-Phase model and 
the proposed method can be used as the extended Two-Phase model.

• In the cross-verification, the analytical calculation from the Two- 
Phase model is the lower bound of the simulated results given by 
the proposed method, since the contact event between the aggregates 
is considered in the proposed method.

Regarding the application to scanned surfaces:

• The application to actual crack surfaces proves the feasibility of the 
proposed method.

• According to the aggregate interlock responses given by the pro
posed method, the surface roughness index may not sufficiently 
reflect its impact on the aggregate interlock responses.

• Moreover, the sliding direction can significantly affect the aggregate 
interlock responses. To determine representative aggregate interlock 
responses, it is suggested to use the average or characteristic value of 
the results obtained from different sliding directions.

The current study aims to propose a framework to apply the Two- 

Fig. 17. Illustration of the influence of the surface roughness index: (a) artificial surface with a hemisphere; (b) artificial surface with a half cube; (c) development of 
the projected area Ax between two surfaces; (d) development of the projected area Ay between two surfaces.
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Phase Model, which has been implemented and recognised in practice 
for many years, to more general crack surfaces with the consideration of 
the actual irregularity of the concrete mesoscale structure. Nevertheless, 
the current methodology has only been verified against the analytical 
model and applied to several scanned crack surfaces. Although the 
preliminary results show that the proposed method can reflect the in
fluence of irregularity of crack surfaces on aggregate interlock stresses, it 
is important to note that further experimental or numerical validations 
are highly encouraged in future work.
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[4] Bažant ZP, Gambarova P. Rough cracks in reinforced concrete. J Struct Div 1980; 
106:819–42.

[5] Vecchio FJ, Collins MP. The modified compression-field theory for reinforced 
concrete elements subjected to shear. Acids J 1986;83:219–31.

[6] Muttoni A, Fernández Ruiz M. Shear strength of members without transverse 
reinforcement as function of critical shear crack width. Acids Struct J 2008;105: 
163–72.

[7] Cavagnis F, Fernández Ruiz M, Muttoni A. A mechanical model for failures in shear 
of members without transverse reinforcement based on development of a critical 
shear crack. Eng Struct 2018;157:300–15.

[8] Yang Y, Walraven J, Uijl Jd. Shear behavior of reinforced concrete beams without 
transverse reinforcement based on critical shear displacement. J Struct Eng 2017; 
143:04016146.

[9] Yang Y. Shear Behaviour of Reinforced Concrete Members without Shear 
Reinforcement [PhD thesis]; 2014.

[10] Classen M. Shear Crack Propagation Theory (SCPT)–the mechanical solution to the 
riddle of shear in RC members without shear reinforcement. Eng Struct 2020;210: 
110207.

[11] Marí A, Bairán J, Cladera A, Oller E, Ribas C. Shear-flexural strength mechanical 
model for the design and assessment of reinforced concrete beams. Struct 
Infrastruct Eng 2014;11:1399–419.

[12] Cladera A, Marí A, Bairán JM, Ribas C, Oller E, Duarte N. The compression chord 
capacity model for the shear design and assessment of reinforced and prestressed 
concrete beams. Struct Concr 2016;17:1017–32.

[13] Cladera A, Marí A, Ribas C, Bairán J, Oller E. Predicting the shear–flexural strength 
of slender reinforced concrete T and I shaped beams. Eng Struct 2015;101:386–98.
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