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Abstract 

The sliding shear behaviour of horizontal grouted joints in precast structural walls is vital for 
structural design. Current design practice typically treats these grouted joints as identical to 
those in cast-in-situ concrete elements. However, grouted joints in precast walls can exhibit a 
distinct sliding shear interface resistance compared to conventional concrete joints due to 
differences in material properties and design detailing. Therefore, a better understanding of 
the shear behaviour of these precast joints and the development of a more suitable design 
model for them are required. For this purpose, this paper synthesises and investigates the 
existing experimental studies on the sliding shear behaviour of grouted joints. Existing design 
models for sliding shear in the literature and design standards are also summarised and 
compared. The findings of the literature review provide insights for improving the shear design 
of these precast joints. A future study conducted by the authors will focus on experimental and 
numerical investigations of the sliding shear behaviour of grouted joints in prefabricated walls. 
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1 Introduction 
Precast reinforced concrete (RC) structural walls in low-to-moderate seismicity regions 
typically utilise grouted joints, such as grout tubes and grout sleeves, as their horizontal 
connections. According to previous research studies, the structural response of precast walls 
to lateral actions can be governed by the design and detailing of these horizontal joints 
(Menegon et al., 2020; Seifi et al., 2019; Weng et al., 2024). When a precast wall is subjected 
to reversed cyclic lateral loading, such as seismic actions, its total lateral displacements could 
consist of four mechanisms: flexure, shear, rocking and sliding deformations (Seifi et al., 2019). 
The connection dowel bar to wall’s vertical reinforcement ratio and the bond-slip behaviour of 
grout tubes or sleeves have a considerable influence on the flexure and rocking behaviour of 
the walls, while the shear transfer capacity of grouted joints primarily controls the sliding 
deformation (Crisafulli et al., 2002; Menegon et al., 2020; Seifi et al., 2019).  
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There has been extensive research on the bond-slip behaviour of these grouted connections 
(Elsayed et al., 2018; Elsayed & Nehdi, 2017; Provost-Smith et al., 2019; Steuck et al., 2009; 
Wang et al., 2024). However, the investigation into the sliding shear mechanism of grouted 
joints in precast walls is still scarce. In particular, there is a lack of analytical models to reliably 
assess the sliding shear behaviour of grouted joints and the associated sliding deformation. 
The current design practice of these connections for interface sliding shear (although often 
ignored in practice) is typically based on the shear friction design equations proposed for 
conventional concrete joints. Given that the grouted and concrete joints have distinct material 
and mechanical characteristics (Tullini & Minghini, 2016; Yang et al., 2024; Zhao et al., 2021) 
and that the sliding deformation may govern the lateral drift response of precast walls under 
earthquake actions in certain circumstances (Crisafulli et al., 2002; Seifi et al., 2019), it is 
important to obtain a better understanding of the shear transfer behaviour of grouted joints in 
precast walls. This paper synthesises the existing research on the sliding shear of precast 
walls with grouted connections, such as grouted ducts and sleeves. The paper also 
summarises and discusses current design models in some representative international 
standards. Suggestions for future research on this topic are provided for bridging the 
knowledge gaps identified through this literature review. 

2 Review of Existing Experimental Studies 
Consideration of the shear transfer across concrete joints is essential for the structural design 
and analysis of RC structures. Examples of such joints include cracked sections in RC 
structural elements, the interface between concrete panels cast at different times, and the 
interface between precast members. Previous experimental studies have widely investigated 
the sliding shear behaviour of shear planes in conventional concrete, such as Hofbeck et al. 
(1969), Mattock and Hawkins (1972), Paulay et al. (1974), Mattock (1975), Mattock et al. 
(1976), Walraven and Reinhardt (1981), Walraven and Stroband (1994), Gohnert (2003), 
Mansur et al. (2008), Cavaco and Camara (2017) and Taklas et al. (2022). These shear planes 
could be formed by either a longitudinal crack in a monolithic concrete element or by cold joints 
(i.e., joints without grout or mortar). Some researchers, such as Hanson (1960) and Birkeland 
and Birkeland (1966), also experimentally or analytically evaluated the sliding shear behaviour 
between concrete elements cast at different ages (e.g., precast structures without grouted 
joints). As this paper focuses on the sliding shear behaviour of grouted joints in precast 
elements, readers are referred to Santos and Júlio (2012) and Palieraki et al. (2022) for the 
review of these early studies and the design models proposed previously.  
According to previous studies, the sliding shear resistance of a concrete joint can be attributed 
to three primary factors: bond resistance and interlock between concrete particles, shear 
friction between concrete interfaces, and the dowel action of vertical reinforcement crossing 
the joint (Randl, 2013). Randl (2013) elaborated on the differences between these 
mechanisms and explained the fundamentals of sliding shear behaviour at the concrete 
interface. Randl (2013) also proposed an extended shear friction model for design purposes, 
which is adopted as the interface shear design model in fib Model Code 2010 (International 
Federation for Structural Concrete [fib], 2013), a code widely used for the numerical analysis 
of RC structures. It should be noted that many design standards refer to vertical reinforcement 
across the horizontal joint (e.g., dowel bars in precast walls) to resist sliding as shear 
reinforcement across the shear plane. This is distinct from the shear reinforcement placed 
horizontally in the concrete panel to resist inclined shear forces. 

2.1 Interface Shear Tests of Grouted Joints 

Despite a long history of research on interface shear in concrete elements with cold joints, 
there is still a paucity of studies investigating the behaviour of precast elements with grouted 
joints. Figure 1 illustrates the typical detailing of grout tube and grout sleeve connections in 
limited-ductile precast walls in low-to-moderate seismic regions, such as Australia. In such 
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precast systems, a grout bedding layer (typically dry packed) with a typical thickness of 20 mm 
is placed between precast elements. These dry-pack grout materials have distinct properties 
compared to conventional concrete materials. For example, the grout only contains fine 
aggregates, which exhibit reduced mechanical interlock and friction resistance to sliding 
compared to the coarse aggregates used in concrete materials (Zhao et al., 2021). According 
to the experimental test of a precast panel by Crisafulli et al. (2002), after the grout bed crushed, 
the small grout particles could behave as multiple rollers, aggravating the wall sliding at the 
base. The considerably lower water content of dry-pack grout in the joint than the adjacent 
concrete panels may also result in shear friction and bonding resistance that differs 
significantly from a conventional concrete joint. Additionally, during construction, the packing 
shims used to form the 20 mm gap are very likely to be left in the joint after grouting since they 
are difficult to be removed. These shims could have a different friction coefficient compared to 
the grout-concrete interface. Therefore, there could be a localised region across the joint with 
different sliding shear characteristics. However, the area of the joint that the packing shims 
cover is very small relatively to the overall area of the horizontal joint, and thus, it is unlikely 
that these shims would have a significant influence on the joint’s overall sliding shear capacity. 
Further investigation is required to assess the actual impact of the packing shims to confirm 
this hypothesis. 

  
(a) Grout Tube Connections (b) Grout Sleeve Connections 

Figure 1. Typical Grouted Joints in Precast RC Walls in Low-to-Moderate Seismicity Regions 

Without comprehensive experimental and numerical investigations of grouted joints under 
sliding shear, it remains uncertain whether the design equations in the current codes are 
applicable for evaluating the shear transfer behaviour of these precast elements. Table 1 
summarises the experimental shear tests of grouted joints in precast structures in the literature. 
Despite the limited number of previous studies on these joints, researchers have 
experimentally explored the interface shear behaviour of grouted joints subjected to monotonic 
or cyclic shear loading and compared their behaviour with traditional flat concrete joints (e.g., 
the interface between concrete elements cast at different ages) (Li et al., 2024; Tullini & 
Minghini, 2016; Yang et al., 2024; Zhao et al., 2021). The variables investigated in these 
studies include loading history, the thickness of the grout layer between precast elements, 
interface roughness (Zhao et al., 2021), the diameter of connection dowel bars across the joint 
(i.e., vertical reinforcement to resist sliding), the dowel bar reinforcement ratio (Li et al., 2024; 
Zhao et al., 2021), coexisting axial force on the joint subjected to shear, and the effect of in-
plane bending on the shear plane (Yang et al., 2024). For the ease of comparison of different 
studies, the average and normalised ultimate interface shear of specimens investigated in 
previous research is reported in Table 1. To obtain this shear strength, the maximum shear 
resistance of each specimen measured experimentally was first normalised by dividing it by 
the cross-sectional area of the shear interface, the reinforcement ratio of dowel bars and 
concrete strength, as shown in Equation 1. The resulting normalised ultimate shear stresses 
of all the specimens were then averaged for each study. It is noted that when processing the 
shear strength results from the literature, experimental data that were considered outliers were 
excluded from the calculation. Specifically, in Zhao et al. (2021), four of the eight grouted joint 
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specimens had only one dowel bar crossing the joint. In such case, no apparent shear strength 
degradation was observed experimentally, which likely indicates that the test terminated before 
an ultimate failure (e.g., bar rupture) occurred. The normalised shear strength of these four 
specimens was also significantly higher or lower than that of other specimens. Therefore, they 
were not considered in calculating the average shear strength for Zhao et al. (2021) presented 
in Table 1. 

 𝜏! =
"!
#"
÷ 𝜌$𝑓%  (1) 

where, 𝜏! is the normalised ultimate interface shear stress. 𝑉& is the maximum shear force 
measured from experimental testing. 𝐴$ is the gross cross-sectional area of the shear plane. 
𝜌$ is the reinforcement ratio of dowel bars across the shear plane. 𝑓% is the concrete cylinder 
compressive strength. 
It should also be noted that if the panels on the two sides of the joint had different concrete 
strengths, the lower value was used in calculating the shear strength for Equation 1. If the 
concrete cube compressive strength, instead of the cylinder strength, was provided in the 
original studies (i.e., Tullini & Minghini [2016] and Li et al. [2024]), the cylinder compressive 
strength was estimated as 81% of the cube strength. In accordance with Eurocode 2 EN 1992-
1-1 (European Committee for Standardization, 2023), the concrete cylinder strength is around 
0.81 times the cube strength when the cube strength ranges between 45 MPa and 67 MPa. 
Since the specimens in Tullini and Minghini (2016) and Yang et al. (2024) had a concrete 
strength within this range, for this preliminary analysis of the literature, the cube strength 
reported in these studies was converted to a cylinder strength by multiplying it by 0.81. 

Table 1. Summary of Experimental Shear Tests on Grouted Joints in the Literature 

Reference Number of 
Specimens 

Loading 
Protocol 

Grouted 
Joint 
Thicknessa 

Interface 
Roughness 

Dowel Bar 
Reinforcement 
Ratio 

Average Normalised Ultimate 
Interface Shearb 

Tullini and 
Minghini 
(2016) 

1 grouted 
joint 

Unidirectional 
cyclic shear 
load 

25 mm 
(grout 
intentionally 
removed) 

NA 1.01% 5.5 MPa 

Zhao et al. 
(2021)c 

8 grouted 
joints,  
4 concrete 
joints 

Monotonic 
and reversed 
cyclic shear 
load 

20 mm or  
40 mm Rough 0.22% to 

1.09% 

Monotonic loading: 
- Grouted joint: NA 
- Concrete joint: 11.6 MPa 
Cyclic loading: 
- Grouted joint: 8.6 MPa (-7.0 MPa) 
- Concrete joint: 10.0 MPa (-9.3 MPa) 
 

Li et al. 
(2024) 

6 grouted 
joints, 
3 concrete 
joints 

Reversed 
cyclic shear 
load 

20 mm 
Smooth  
and 
rough 

0.33% to 
0.97% 

Grouted joint: 15.5 MPa (-14.3 MPa) 
Concrete joint: 28.4 MPa (-26.5 MPa) 

Yang et al. 
(2024) 

4 grouted 
joints, 
4 concrete 
joints 

Monotonic 
shear load 
with extra 
compressive 
load on the 
joint 

20 mm Rough 0.28% Grouted joint: 84.0 MPa 
Concrete joint: 106.5 MPa 

a For specimens with new-to-old concrete joints, no intentional gap is left across the interface. The concrete panels are placed in direct 
contact. 
b The shear stresses in the parentheses represent the maximum shear resistance achieved in the negative shear loading cycles. 
c Four of the eight grouted joint specimens in Zhao et al. (2021) had only one dowel bar crossing the interface, and therefore they are 
excluded when calculating the average normalised ultimate interface shear, as noted in the paragraphs before the table. 

Two types of test setups were used in previous shear tests of grouted joints, as illustrated in 
Figure 2. Tullini and Minghini (2016) were among the earliest researchers investigating the 
sliding shear behaviour of grouted joints in precast elements. They assessed the pure shear 
capacity of grout tube connections in a precast RC column using a beam element, as shown 
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in Figure 2(a). The grouted joint was located at the point of zero moment in the beam to ensure 
that the joint was in pure shear (Tullini & Minghini, 2016). Alternatively, the grouted joint was 
isolated to evaluate the interface shear capacity, as illustrated in Figure 2(b). This test setup 
was originally proposed by Zhao et al. (2021) and then commonly adopted in other studies (Li 
et al., 2024; Yang et al., 2024). It is worth noting that, as shown in Table 1, a significantly lower 
ultimate shear strength was obtained by Tullini and Minghini (2016) mainly because they 
deliberately removed the grout across the 25 mm joint between adjacent elements. In this 
case, only dowel action contributed to resisting shear, while the friction between the interface 
of the connected precast elements and the bond resistance of grout and concrete across the 
joint were excluded. Nevertheless, there is no evidence to suggest that the test setup adopted 
by Tullini and Minghini (2016) resulted in a significant difference in the joint shear strength from 
other studies if the grout bedding layer was not removed. In addition, according to Zhao et al. 
(2021), increasing the grouted joint depth from 20 mm to 40 mm did not necessarily enhance 
or degrade the joint’s shear capacity. This is likely because in grouted joints specimens without 
external normal stress, such as those tested by Zhao et al. (2021), the sliding shear resistance 
of the joints is primarily attributed to dowel action, as also noted in ACI/PCI 319-25 (American 
Concrete Institute [ACI] & Precast/Prestressed Concrete Institute [PCI], 2025). However, when 
external compression stresses, corresponding to an axial load ratio of 0.15, were applied to 
the joints, bonding and friction would become the primary sources of shear resistance in this 
scenario (Yang et al., 2024). The interface shear strength of these specimens was also 
significantly improved (Yang et al., 2024), as shown in Table 1, in comparison to other 
specimens without axial loads applied perpendicularly to the shear plane. Considering the 
limited number of specimens tested in these studies and the remarkable discrepancy between 
the shear capacity of the joints with and without axial loads, future research is needed to further 
evaluate the impact of varying axial load ratios on the joint’s shear transfer capacity. 

  
(a) Beam Test (Tullini & Minghini, 2016) (b) Joint Test (Zhao et al., 2021) 

Figure 2. Sliding Shear Test Setups of Grouted Joints in the Literature 

Note: Drawings are not to scale. 

As observed in previous shear tests of grouted joints, the deformation and inelastic strain were 
primarily concentrated at the joint (e.g., grout bedding layer) between precast elements. The 
typical failure mechanism of these joints is sliding at the joint with some diagonal cracks formed 
at the compressive sides of concrete elements (Li et al., 2024; Tullini & Minghini, 2016; Yang 
et al., 2024; Zhao et al., 2021), even if the joints were under external compression with an axial 
load ratio of up to 0.15 (Yang et al., 2024). The number and width of the cracks propagated 
into the precast concrete elements are associated with the roughness of the joint interface. 
Fewer cracks were observed in the concrete when a smooth interface was adopted, whereas 
the cracking was concentrated at the grout layer (Li et al., 2024; Yang et al., 2024; Zhao et al., 
2021). By contrast, if the joint was very rough, the sliding shear failure could be suppressed by 
diagonal compression failure of the precast panel with the cracks initiated from the grout layer 
(Li et al., 2024). When the shear plane was not under external compressive force, the dowel 
bars across the joint typically yielded before the peak shear resistance was recorded (Li et al., 
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2024; Tullini & Minghini, 2016; Zhao et al., 2021). However, the yielding of connection steel 
bars could occur post-peak when the joints were subjected to coexisting compression loading 
(Yang et al., 2024). A similar failure mode was observed in comparable concrete joint 
specimens of these studies (Li et al., 2024; Yang et al., 2024; Zhao et al., 2021), but fewer 
diagonal concrete cracks were formed in these specimens (Li et al., 2024; Zhao et al., 2021). 

As shown in Table 1, the shear loading protocol has a substantial effect on the ultimate 
interface shear of grouted joints. Comparing the monotonic shear response with the reversed 
cyclic response, the ultimate resistance of specimens subjected to monotonic shear loading 
was typically higher than that of specimens under reversed cyclic loading, indicating a strength 
degradation induced by the reversed cyclic load (Zhao et al., 2021). However, cyclically 
unloading and reloading the specimen (i.e., unidirectionally cyclic shear loading adopted by 
Tullini and Minghini [2016]) did not degrade the shear capacity of the joint.  

Figure 3 further illustrates the representative relationship between the interface shear strength 
and sliding deformation at grouted joints under different loading histories and design detailing, 
based on previous studies (Li et al., 2024; Tullini & Minghini, 2016; Yang et al., 2024; Zhao et 
al., 2021). When the joints were subjected to reversed cyclic shear loads, the maximum 
strength of positive cycles was generally greater than that of the negative cycles (Li et al., 
2024; Zhao et al., 2021). For both loading directions, joints with rough interface exhibited 
significantly higher ultimate resistance than joints with smooth interface (Li et al., 2024; Zhao 
et al., 2021). Nevertheless, apparent residual strength was observed in specimens using a 
smooth interface, whereas there was no evident residual shear in those with a rough interface 
(Li et al., 2024; Zhao et al., 2021). For grouted joints under monotonic shear (Yang et al., 2024; 
Zhao et al., 2021) or unidirectional cyclic loading (Tullini & Minghini, 2016), the shape of the 
shear force and sliding displacement curves depends on the surface roughness and the 
amount of dowel bars, as also found in conventional concrete joints (Randl, 1997; Randl, 
2013). No apparent strength deterioration was observed experimentally in specimens with a 
rough interface and adequate reinforcement (e.g., a dowel bar reinforcement ratio of 0.55% 
adopted by Zhao et al. [2021]) across the shear plane under significant sliding (Zhao et al., 
2021). This likely implies that the failure of these specimens was governed by the dowel bars, 
and that the tests were terminated when significant sliding deformation was observed at the 
joint, before the occurrence of an ultimate failure corresponding to rupture of dowel bars. This 
finding also indicates that, in addition to the surface roughness, the ultimate sliding shear 
resistance is improved with the increasing amount of dowel bars across the joint, which was 
also observed in specimens under cyclic loads (Li et al., 2024; Zhao et al., 2021). In general, 
these behavioural trends were consistent with the findings from previous shear tests on 
conventional concrete joints (Hanson, 1960; Hofbeck et al., 1969; Mattock et al., 1975). 
However, in comparison to concrete joints, grouted joints showed considerably reduced 
interface shear strength under both monotonic and cyclic shear, as presented in Table 1 (Li et 
al., 2024; Yang et al., 2024; Zhao et al., 2021). According to Yang et al. (2024), this is primarily 
because the grout, composed of fine aggregates, across the joint exhibits significantly lower 
mechanical interlock resistance than the concrete, which contains coarse aggregates.  
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(a) Cyclic Tests (Backbone Curves) According to 

Zhao et al. (2021) and Li et al. (2024) 
(b) Monotonic Tests According to  

Zhao et al. (2021) and Yang et al. (2024) 

Figure 3. Typical Interface Shear and Sliding Relationship of Grouted Joints in Previous Shear Tests 

2.2 Lateral Loading Test of Precast Walls with Grouted Joints 

According to previous experimental tests of grouted joints, when the joints were subjected to 
sliding shear loads, failure commonly initiated at the interface between two precast concrete 
elements (Li et al., 2024; Yang et al., 2024; Zhao et al., 2021). Similarly, existing tests of 
precast walls with grouted joints in low-to-moderate seismicity regions under reversed cyclic 
loading also identified that the critical section of these panels was at the wall base, where the 
grouted joint existed (Crisafulli et al., 2002; Menegon et al., 2020; Seifi et al., 2019). Due to the 
construction nature of this type of precast system, the grout bedding layer at the base of 
precast panels exhibited significantly lower tensile and slip resistance than the adjoining 
structural elements. Therefore, when lateral loading was applied to such walls, a major crack 
was observed at the grout layer in most precast wall specimens, with a concentration of 
inelasticity at the joint (Crisafulli et al., 2002; Menegon et al., 2020; Seifi et al., 2019). The 
single cracking mechanism was more evident when insufficient connection dowel bars were 
provided in the joint (Crisafulli et al., 2002; Menegon et al., 2020). If the connection 
reinforcement ratio was higher than the wall longitudinal reinforcement ratio, a second major 
crack could be observed at the termination of grouted connections (e.g., grout tubes or grout 
sleeves) (Menegon et al., 2020; Seifi et al., 2019).  

The concentrated cracking pattern found in precast walls in low-to-moderate seismicity regions 
contrasts with the well-distributed concrete cracks observed in the plastic hinge region of 
monolithic RC walls in regions of higher seismicity, where no lapping of the vertical 
reinforcement (within the plastic hinge region) and generally more robust detailing are adopted 
(Lowes et al., 2012). Due to the concentration of premature cracking of grout at the base of 
precast panels, at large lateral drift levels, the panels’ total lateral displacements includes 
components not only from flexural and shear deformations, but also rocking and sliding 
deformations, as illustrated in Figure 4. Particularly, the amount of rocking and sliding 
deformations in precast walls could be considerably higher than that in monolithic walls, if the 
precast walls are poorly detailed (Crisafulli et al., 2002; Menegon et al., 2020; Seifi et al., 2019).  
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Figure 4. Deformation of Lightly Reinforced Precast Walls Subjected to Lateral Earthquake Actions 

It should be noted that, in the current design practice of these precast panels, practising 
engineers typically only consider the flexural and shear demands on the structural walls, and 
often ignore the sliding shear capacity of the joint. The excessive lateral drift induced by wall 
sliding under strong ground motions can potentially result in undesired failure behaviour, such 
as out-of-plane instability and incompatible displacement between precast panels and other 
jointed structural elements. Significant wall sliding can also compromise the energy dissipation 
capacity of the wall under earthquakes (Crisafulli et al., 2002). Therefore, an essential question 
to address for precast structures is: which design parameters most strongly influence sliding 
deformation, and what improvements can be made to minimise the likelihood of this 
mechanism developing under strong earthquake ground motions? 
Table 2 summarises the existing experimental tests of precast panels showing noticeable 
sliding at the wall base. According to these studies (Crisafulli et al., 2002; Seifi et al., 2019), 
the occurrence of wall sliding is mainly attributed to four parameters: the wall’s aspect ratio, 
axial load ratio, wall cross-sectional area and connection reinforcement ratio. The aspect ratio 
of the wall affects the load path and stress distribution within the panel, while the latter three 
factors have a greater influence on the sliding shear capacity of grouted joints. If the panel has 
a small aspect ratio (e.g., less than 2.0) and zero axial load ratio, it is prone to sliding at the 
wall base. For example, the ultimate failure of the panel specimen from Crisafulli et al. (2002), 
which had an aspect ratio of 1.1, a connection reinforcement ratio of only 0.067% and no 
external axial load, was caused by significant sliding at the base. The sliding deformation 
accounted for more than 50% of the total lateral drift before the test was terminated. However, 
when the aspect ratio increased to 3.0 and the connection reinforcement ratio rose to 0.3% or 
0.4%, the amount of sliding was significantly reduced to around 7% to 17% at the verge of 
ultimate failure, as observed by Seifi et al. (2019) in their test units SW1, SW2, SW3 and SW4. 
Increasing the concrete cross-sectional area further decreased the sliding deformation at the 
wall base (i.e., comparing SW1 and SW4). Instead, the lateral drift of these walls was 
dominated by rocking of the panels on top of the footing, as no external axial load was applied 
to the panels. By contrast, according to Seifi et al. (2019), if the precast walls were subjected 
to an axial load ratio of 0.05 (not shown in Table 2), the wall sliding would be effectively 
suppressed. In such cases, flexural deformation became more evident. It is worth noting that 
the precast panels summarised in Table 2 were tested under quasi-static loading. The authors 
believed that dynamic excitations, such as real earthquake ground motions or shake-table 
testing, may exaggerate the shear sliding. For example, the quasi-static specimen reported by 
Hoult et al. (2023) showed no significant sliding at the wall base, whereas the same wall design 
tested dynamically by Hoult et al. (2025) exhibited pronounced sliding. Further research 
investigating the dynamic behaviour of precast walls with grouted joints is therefore warranted. 
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Table 2. Summary of Experimental Panel Tests with Apparent Sliding Deformation at the Wall Base 

Reference Wall 
ID 

Axial 
Load 

Aspect 
Ratio 

Connection 
Reinforcement 
Ratio 

Wall Cross-
Sectional 
Area 

Ultimate 
Lateral 
Resistancea 

Normalised 
Base Shear 
Stressa 

Governing 
Failure 
Mechanism 

Crisafulli et al. 
(2002) NA 0 1.1 0.067% 608000 mm2 122 kN  

(-98 kN) 
1.88 MPa  
(-1.50 MPa) 

Sliding at the 
base joint 

Seifi et al. 
(2019) 

SW1 0 3.0 0.40% 150000 mm2 55 kN  
(-52 kN) 

0.86 MPa  
(-0.81 MPa) Rocking of 

precast panels 
and rupture of 
connection 
dowels at the 
grout bedding 
layer 

SW2 0 3.0 0.40% 150000 mm2 54 kN  
(-55 kN) 

0.77 MPa  
(-0.79 MPa) 

SW3 0 3.0 0.40% 150000 mm2 53 kN 
(-57 kN) 

0.81 MPa 
(-0.88 MPa) 

SW4 0 3.0 0.30% 200000 mm2 55 kN  
(-55 kN) 

0.68 MPa  
(-0.68 MPa) 

a The values in the parentheses represent the maximum resistance achieved in the negative displacement load cycles. 

3 Review of Current Design Models for Interface Shear 
Strength of Joints in Concrete Structure Design Standards 

The current design equations from representative international standards for sliding shear are 
provided in the Appendix. Most of these models were originally proposed for the shear interface 
between concrete cast at different times (e.g., a cold joint without the use of grout) or at a 
longitudinal crack in a monolithic concrete element (Palieraki et al., 2022). The underlying 
principle of these models was the shear friction theory or its modified versions (Palieraki et al., 
2021; Randl, 2013; Santos & Júlio, 2012). The shear friction theory was initially developed by 
Birkeland and Birkeland (1966) and Mast (1968). In this hypothesis, the interface shear 
strength was correlated with the amount and the yield strength of vertical reinforcement 
crossing the interface to account for the clamping effect provided by the reinforcement. 
Building upon that, a modified concept was proposed by Mattock and Hawkins (1972) and 
Mattock (1976), which was then consolidated by Mattock (2001). This modified design theory 
forms the basis of design equations in many design codes (Randl, 2013; Santos & Júlio, 2012), 
such as EN 1992-1-1, ACI 318 and ACI/PCI 319. In this modified concept, Mattock and 
Hawkins (1972) and Mattock (1976) incorporated the contribution of normal stress 
perpendicular to the shear plane and cohesion at the interface (e.g., adhesion and mechanical 
interlock between concrete particles) to the shear resistance. The design models in AS 3600 
and AS 5100.5 (Standards Australia, 2017, 2018) essentially follow the same approach. In 
these design equations, the resistance from dowel action is implicitly considered by adopting 
an appropriate coefficient of friction (𝜇). For example, a friction coefficient of 0.6 is adopted in 
ACI 318, ACI/PCI 319, AS 3600 and AS 5100.5 for reinforced joints with smooth interface, 
where the shear resistance is mainly contributed by dowel action of vertical reinforcement 
across the joint (ACI, 2025; ACI & PCI 2025; Standards Australia, 2017, 2018, 2022). Later, 
some extended approaches, such as the models proposed by Tsoukantas and Tassios (1989) 
and Randl (2013), explicitly evaluate the shear resistance from dowel action. For instance, the 
design equation in the fib Model Code 2010 for determining shear friction capacity is based on 
the extended shear friction theory presented in Randl (2013). The JSCE 2024 (Japan Society 
of Civil Engineers [JSCE], 2024) design model also includes an additional term (0.1𝐴'𝑓%() ) to 
consider the shear resistance provided by shear keys if they are present in the structural joints.  

Suggestions for the design of grouted joints in precast panels are provided in ACI/PCI 319-25, 
which is a recently published standard for precast structures (ACI & PCI, 2025). As specified 
in ACI/PCI 319-25, the minimal friction coefficient of 0.6𝜆, where 𝜆 is 1.0 for normal-weight 
concrete, should be adopted for a grouted joint because in such a case, the shear resistance 
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would primarily rely on the dowel action of dowel bars across the joint (i.e., shear reinforcement 
across the shear plane specified in the code) if no additional shear keys are present (ACI & 
PCI, 2025). The code also stipulates that the thickness of the grout layer at the joint shall not 
exceed 50.8 mm (i.e., 2 in.) and that the grout compressive strength shall be greater than the 
concrete strength of the adjoining precast panels. The JSCE standard also recognises the 
need to evaluate grouted joints separately from conventional concrete joints for shear friction 
design. It notes that if mortar (as well as grout) is adopted in precast elements, experimental 
tests are required to determine the interface shear capacity of the joints, instead of using the 
code equation directly (JSCE, 2024). As discussed in Section 2.1, previous experimental 
studies found that grouted joints typically exhibited lower shear transfer capacity than the 
comparable concrete joints under both monotonic and cyclic shear loading. Yang et al. (2024) 
proposed applying a reduction factor of 0.85 when determining the sliding shear strength of 
grouted joints using the equation proposed for concrete joints. They also suggested a reduction 
factor 𝛾* (i.e., Equation 2) for evaluating the joints under eccentric compression loading (i.e., 
in-plane bending).  

 𝛾* = 1 − 0.65𝑎/𝐿	 (2) 

Where, 𝐿 is the total length of the shear plane. 𝑎 is the length of the tension side of the shear 
plane. 

Furthermore, most of the design equations in the Appendix were proposed for monotonic 
sliding shear resistance. ACI 318 and ACI/PCI 319 recommend following the model proposed 
by Palieraki et al. (2022) to determine the joint resistance under reversed cyclic shear, as 
shown in Equation 3. This model was originally developed by Vassilopoulou and Tassios 
(2003), while Palieraki et al. (2022) recommended the values of the contribution factors and 
equations to determine the maximum resistance based on the analysis of a large test database. 
According to Palieraki et al. (2022), cyclic loading will deteriorate the shear friction resistance 
of a concrete joint, regardless of whether the interface is roughened or smooth. This is 
consistent with the findings presented in Section 2.1 from the literature review of shear tests 
on grouted joints. For example, according to Palieraki et al. (2022), a contribution factor 𝛽+ of 
0.2 was proposed for joints with a smooth interface under cyclic sliding shear loading and with 
no external compressive loading, whereas a contribution of 0.4 was adopted for such joints 
under monotonic loading. Similarly, the fib Model Code 2010 (fib, 2013) also specified a 
strength reduction factor of 0.4 for joints under dynamic cyclic loads, such as seismic actions, 
when determining the joint shear transfer capacity using a model originally proposed for 
monotonic loading scenarios (i.e., the equation in the Appendix).  

 𝜏& = 𝛽(𝜏( + 𝛽+𝜏+	 (3) 

Where, 𝛽( and 𝛽+ are contribution factors for dowel action and friction resistance, respectively. 
𝜏( and 𝜏+ are sliding shear strengths attributed to dowel action and friction, respectively.  

4 Concluding Remarks and Suggestions for Future Studies 
This paper synthesises and analyses previous experimental tests of grouted joints subjected 
to sliding shear. According to the literature review, grouted joints exhibited a considerably lower 
sliding shear resistance compared to comparable concrete joints. This is mainly because the 
grout placed between precast elements is only comprised of fine aggregates, which constrains 
the development of bonding and friction resistance in the joints. The literature review also found 
that the shear transfer capacity of grouted joints depends significantly on the loading history, 
interface roughness and the reinforcement ratio of dowel bars across the joints, which is similar 
to concrete joints. In particular, applying normal compressive stresses on grouted joints can 
remarkably enhance their shear capacity, whereas cyclic shear loading will significantly 
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deteriorate the joints’ resistance to shear. Furthermore, according to previous experimental 
studies of precast walls with grouted joints, the shear capacity of the joints has a substantial 
impact on the failure mechanism and the amount of sliding deformation of the walls. An 
increase in sliding deformation was observed experimentally in precast walls with smaller 
aspect ratios, lower connection reinforcement ratios and lower (or zero) axial loads. Therefore, 
potential sliding failure should be considered in the structural assessment of precast walls with 
poor detailing. For instance, if the connection reinforcement is significantly less than the wall 
longitudinal reinforcement, greater sliding deformation may be observed at the wall base.  
This paper also discusses and compares the current design models for sliding shear in modern 
design codes. These design equations are essentially based on the shear friction theory, 
where the shear resistance is mainly attributed to friction at the interface, whether due to the 
clamping effect provided by vertical reinforcement across the joint (e.g., dowel bars in grouted 
joints) or compressive stresses applied to the shear interface, and the dowel action of the 
connection reinforcement. Some models also incorporate the resistance from cohesion (e.g., 
bonding and mechanical interlocking of concrete aggregates) and shear keys in the joint. 
However, the current design equations were originally proposed on the basis of monotonic 
shear tests for assessing cracks in monolithic concrete elements or cold joints between 
concrete elements cast at different ages and without the use of grout in the joints. If the design 
equation is employed to assess grouted joints, some codes, such as ACI/PCI 319-25, specify 
the use of a minimal friction coefficient to only consider the resistance provided by dowel action 
of dowel bars. A reduction factor may also need to be applied when assessing the interface 
shear strength under cyclic loading scenarios, such as seismic actions.  
Although previous studies have attempted to investigate the sliding shear behaviour of grouted 
joints in precast structures through experiments, several research questions remain to be 
addressed. Firstly, considering that there are only four experimental studies on the interface 
shear of grouted joints in the existing literature, more experimental tests are needed in the 
future to consolidate and verify the findings from previous tests. A statistical analysis of the 
test database including experimental data from different studies is then required to identify the 
appropriate friction and cohesion coefficients for grouted joints that can be incorporated into 
current design equations in the standards. In addition, many existing design models correlate 
the joint shear strength with the concrete strength. However, for grouted joints, it is likely that 
the grout strength, rather than the concrete strength, has a more dominant impact on the shear 
transfer capacity. Future research should aim to address this hypothesis by testing specimens 
with varying grout strengths.  
Moreover, a more comprehensive review of previous experimental investigations of RC walls, 
including both cast-in-situ and precast elements, is needed to determine the critical axial load 
ratio and connection reinforcement ratio resulting in significant sliding deformation. Additional 
experimental or numerical investigations are required to gather more data on these reinforced 
concrete walls. Preference should be given to experimental studies employing dynamic loading 
(e.g., shake-table testing) or, where this is not feasible, quasi-static procedures with high 
displacement rates that better replicate the demands of real earthquake ground motions. 
Limited evidence suggests that dynamic loading, compared with conventional quasi-static 
testing, may exacerbate shear sliding. A validated numerical modelling approach capable of 
capturing the interaction between shear, axial load, and bending at the grouted joints should 
also be proposed to evaluate the dynamic behaviour of these joints under earthquake 
excitations. Recommendations for structural design and detailing should then be provided to 
either prevent or accommodate the occurrence of wall sliding.  
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6 Appendix 
Sliding Shear Design Equations in Existing Standards 

Reference Equation (in SI units) Notesa,b 

AS 3600:2018 
(Standards 
Australia, 2018) 

𝜏# = 𝜇$
𝐴$%𝑓$&
𝑠𝑏%

+
𝑔'	
𝑏%
, + 𝑘()𝑓(*+  

	≤ 𝑙𝑒𝑠𝑠𝑒𝑟	𝑜𝑓	(0.2𝑓(+, 	10	𝑀𝑃𝑎) 

𝐴( is the area of the shear plane. 
𝐴, is the cross-sectional area of shear keys. 
𝐴$% and 𝐴-% are the area of fully anchored shear 
reinforcement across the shear plane (e.g., dowel 
bars in grouted joints).  
𝑏 is the coefficient of the shear plane type. 
𝑏% is the width of the shear plane. 
𝑐-. is the coefficient of the interface roughness. 
𝑓((  is the cylinder compressive strength of 
concrete.  
𝑓(/ and 𝑓′(/ are the design compressive strength 
of concrete. 
𝑓(,  is the lowest compressive strength of the 
concrete at the interface. 
𝑓$&  and 𝑓&  are the characteristic yield strength of 
reinforcement. 
𝑓&/ is the design yield strength of reinforcement. 
𝑓(+  is the characteristic cylinder compressive 
strength of concrete. 
𝑓(*+  is the characteristic uniaxial tensile strength of 
concrete. 
𝑔' is the permanent distributed load normal to the 
shear plane per unit length in N/mm. 
𝑘() is the cohesion coefficient. 
𝑁#  is the minimum factored compressive force 
acting on the shear plane. 
𝑝 , 𝜌0  and 𝜌  are the ratio of fully anchor shear 
reinforcement across the shear plane. 
𝑠  is the spacing of fully anchored shear 
reinforcement across the shear plane. 
𝑉(1/ is the design shear transfer capacity. 
𝑉2 is the nominal shear strength. 
𝛼 is the shear strength reduction factor accounting 
for the axial stress in shear reinforcement. 
𝛼′, 𝜅 and 𝛽 are the interaction coefficients, which 
could be taken per Randl (2013). 
𝛾3 is the structure safety factor. 
𝛾( is the partial factor for concrete. 
𝜃 is the angle between shear reinforcement and the 
shear plane. 
𝜆 is 1.0 for normal-weight concrete. 
𝜇 and 𝜇- are the friction coefficient. 
𝜈  is the reduction factor of concrete strength, 
according to Randl (2013). 
𝜎2 is the compressive stress over the shear plane 
induced by the minimum external axial force. 
𝜏# is the unit shear strength.  
𝜏4/0 is the design shear resistance. 

AS 5100.5:2017 
(Standards 
Australia, 2017) 

𝜏# = 𝜇$
𝐴$%𝑓$&
𝑠𝑏%

+
𝑔'	
𝑏%
, + 𝑘()𝑓(*+  

	≤ 𝑙𝑒𝑠𝑠𝑒𝑟	𝑜𝑓	(0.2𝑓(+, 	10	𝑀𝑃𝑎) 

ACI 318-25  
(ACI, 2025)c 

𝑉2 = 𝜇K𝐴-%𝑓& +𝑁#L 
≤ 𝑙𝑒𝑠𝑠𝑒𝑟	𝑜𝑓	[0.2𝑓(+𝐴( , 	5.5𝐴(] for smooth interface 
	≤ 𝑙𝑒𝑎𝑠𝑡	𝑜𝑓	[0.2𝑓(+𝐴( , 	(3.3 + 0.08𝑓(+)𝐴( , 11𝐴(] for 
intentionally roughened interface 

ACI/PCI 319-25  
(ACI & PCI, 2025)c 

𝑉2 = 𝜇K𝐴-%𝑓& +𝑁#L 
≤ 𝑙𝑒𝑠𝑠𝑒𝑟	𝑜𝑓	[0.2𝜆𝑓(+𝐴( , 	5.5𝜆𝐴(] for smooth interface 
	≤ 𝑙𝑒𝑠𝑠𝑒𝑟	𝑜𝑓	[0.25𝜆𝑓(+𝐴( , 	6.9𝜆𝐴(] for intentionally 
roughened interface 

EN 1992-1-1:2023 
(European 
Committee for 
Standardization, 
2023)d 

𝜏4/0 = 𝑐-.
U𝑓(,
𝛾(

+ 𝜇-𝜎2 + 𝜌0𝑓&/(𝜇-𝑠𝑖𝑛𝜃+ 𝑐𝑜𝑠𝜃) 

	≤ 0.30𝑓(/ + 𝜌0𝑓&/𝑐𝑜𝑠𝜃 

JSCE 2024  
(JSCE, 2024)d 

𝑉(1/ = X𝐴( Y𝜇𝑓+(/
3 K𝛼𝑝𝑓&/ − 𝜎2/L

.53

+
0.08𝑝𝑓&/

𝛼 sin6 𝜃

− 𝛼𝑝𝑓&/𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃^

+ 0.1𝐴,𝑓(/+ _ /𝛾3 

fib Model Code 
2010 (fib, 2013) 

𝜏# = 𝜏( + 𝜇K𝜌𝜅𝑓& + 𝜎2L + 𝛼′𝜌a𝑓&𝑓(( ≤ 𝛽𝜈𝑓(( 

where, 
𝜏( could be taken as 𝑐7𝑓′(

./9, according to Randl (2013).	

a Readers are referred to the original standards for the more detailed definitions of parameters and their values. 
b The shear reinforcement specified in these equations refer to vertical reinforcement across the joints. For example, in grouted joints of 
precast walls, dowel bars across the joints act as shear reinforcement to resist sliding shear. 
c The original equations in ACI 318-25 and ACI/PCI 319-25 are expressed in inch-pound units and have been converted to SI units by the 
authors for inclusion in the table. 
d The equations in EN 1992-1-2-2023 and JSCE 2024 provide the design shear resistance, where the design safety factor has been included. 


