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Abstract 

Multi-storey residential precast concrete buildings are increasingly adopted in North America 
to accelerate construction, typically using horizontally stacked wall panels with grouted dowel 
connections. Although these systems are rarely constructed in high-seismic regions, their 
growing application in areas of low to moderate seismicity underscores the need for a better 
understanding of their behaviour. This study evaluates two representative walls from a six-
storey prototype building designed to US provisions using nonlinear cyclic analysis. Findings 
show that wall orientation strongly governs the seismic performance. Transverse walls 
supporting precast floors carry high axial loads and have low reinforcement content. The 
performance is characterised by a pinched hysteresis, concentrated damage at the base, and 
limited drift capacity. In contrast, longitudinal walls parallel to the floor spans carry little axial 
load, and their behaviour is reinforcement-controlled. These walls have distributed inelasticity 
over the lower stories, larger displacement capacity and greater energy dissipation. These 
findings indicate that, even within the same building, stacked precast walls of different 
orientations require fundamentally different construction methods, axial load levels, mass 
distributions, and reinforcement detailing, and therefore warrant separate investigation to 
inform future design guidance. 
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1 Introduction 

The use of residential multi-storey precast concrete (PC) shear wall buildings has grown rapidly 
worldwide (PCI, 2025). While these buildings are primarily constructed in regions of low or 
moderate seismicity, seismic guidance has largely focused on emulating cast-in-place (CIP) 
provisions, even though their construction methods differ fundamentally from CIP practice 
(Uwamahoro & Tobber, 2023). 

In North America, these PC buildings typically have five or more storeys with planar distributed 
PC walls in mostly regular plan layouts (Cleland & Ghosh, 2012; CPCI, 2021). Typical practice 
is to use platform-type construction, with one PC wall panel per storey horizontally stacked. 
Force transfer between the individual panels is commonly achieved through grouted dowel 
connections (GDC) placed along the horizontal joints. These connections have reinforcing 
dowels that are monolithically embedded in the foundation or the top of a PC wall panel. On 
site, the dowel is fed into a corrugated duct embedded in the bottom of the PC wall panel and 
the panels are placed on a 25 mm layer of dry-packed grout for alignment. Once the panel is 
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propped, the corrugated ducts are filled with grout. These joints can develop high strain 
concentrations at every storey, a mechanism that CIP systems do not need to accommodate. 

While a substantial body of research has explored the development of high-performance 
unbonded post-tensioning PC walls (e.g. Priestley, 1996; Kurama, 2005; Restrepo & Rahman, 
2007), the seismic performance of PC walls with conventional detailing (e.g. GDC) still remains 
insufficiently understood. Comparatively few studies have investigated the experimental 
response of these walls (e.g. Seifi et al., 2019; Chen et al., 2019; Gu et al., 2019; Menegon et 
al., 2020) and even fewer focused on modelling (Weng et al., 2023, 2024). To the authors’ 
knowledge, no building-level numerical studies have been conducted on conventional PC 
walls.  

The recent release of the ACI/PCI 319 precast concrete design code (Joint ACI-PCI Committee 
319, 2025) for the United States provides provisions that highlight the need for a better 
understanding of the performance of PC walls constructed in practice. Many of the design rules 
and assumptions remain unvalidated against system-level simulations.  

This paper addresses these gaps by assessing the lateral cyclic behaviour of a representative 
North American residential PC-wall archetype with conventional horizontal joints. The study 
(1) defines a building-scale model consistent with typical design and detailing practice, (2) 
simulates the inelastic cyclic analysis of two wall piers, and (3) evaluates and compares the 
hysteretic behaviour, energy dissipation, deformation capacity, and parameter sensitivities 
relevant to design. The results are intended to improve the understanding of the cyclic 
behaviour of typical PC walls.  

This work is part of a broader effort at the University of British Columbia (Tobber et al., 2025) 
to experimentally explore the seismic performance, create validated analysis methods and 
develop practical guidance for PC shear walls across low- to high-seismic regions 
(Uwamahoro & Tobber, 2023; Moghadasi et al., 2023, 2024; Uwamahoro et al., 2025; 
Kuwabara et al., 2025). 

2 Design of Total PC Case Study Building 

A total PC residential case study building (Figure 1) was designed as a representative North 
American archetype. The architectural layout of the cast study building is adopted from a 
residential PC building design example by the Canadian Precast/Prestressed Concrete 
Institute (CPCI, 2021) to ensure consistency with current practice. The case study structure 
has six storeys with no vertical irregularities, aside from an increased inter-storey height at the 
ground floor. The lateral load resisting system consists of 23 PC wall panels stacked to form 
horizontal joints at each floor level. Untopped hollow-core floors (254 mm depth) span in the 
long building direction.  

 

Figure 1: Total PC building with case study walls highlighted 

 



 

AEES National Conference 3 

The building is assumed to be located on a site in Las Vegas (City Hall), Nevada, US, with a 
soil class C. Figure 2 shows the spectral demands along with the natural periods obtained from 
an ETABS building model using a flexural stiffness modification factor of 0.5. Design demands 
are determined via a response spectrum analysis with a response modification factor, R = 4 
per ASCE 7-22 (ASCE/SEI, 2021). In the analysis, the walls are treated as individual planar 
walls because they are typically only vertically connected for alignment purposes with 
connections that have negligible in-plane stiffness. Wind loads are not considered in this study. 
The PC walls are designed as intermediate precast shear walls in accordance with ACI 318-
25 (ACI, 2025) and ACI/PCI 319-25 (Joint ACI-PCI Committee 319, 2025). Design details are 
summarised in Table 1. 

Two walls are selected for detailed modelling. The first wall (transverse wall) is located 
perpendicular to the floor span (Figure 1) and is characterised by having high axial loads 
because it receives all dead and live loads from the one-way PC floors. The second wall 
(parallel wall) runs parallel to the floor span, which means it has comparatively low axial loads, 
mostly from the self-weight of the wall. Both walls are 8.5 m long and 254 mm thick. A 35 MPa 
design concrete strength (f’c) and Grade 60 reinforcement (414 MPa nominal yield strength) 
are assumed for the detailed design of the panels.  

 

Figure 2: Spectra for the maximum considered earthquake (MCE) and the design earthquake level, 

along with the natural periods of the building in the parallel wall direction (Tn,parallel = 0.41s) and the 

transverse wall direction (Tn,transverse = 0.23s).  

The design of the vertical reinforcement in both the panel section and the joint section (Table 
1) has substantial influence on the wall performance. In the transverse wall, the panel and joint 
reinforcement selection is based on different governing criteria. The panel section 
reinforcement is controlled by the minimum reinforcement requirement of 0.1% of the wall 
gross cross-sectional area (Ag) in accordance with ACI 318-25. This relatively low 
reinforcement ratio is permitted for precast walls with low shear demands. For joint sections, 
this minimum reinforcement requirement is waived and, in this case, the integrity reinforcement 
requirement (43.8 kN per meter wall length) for vertical connections governs. As a result, the 
reinforcement ratio in the joint is only about half of that in the panel section. In contrast, the 
vertical reinforcement of the parallel wall is governed by the flexural seismic demands for both 
the panel and joint section and, as such, the reinforcement ratios are similar for each section.  

In comparison, the two walls show significant differences in the reinforcement amounts. This 
disparity can be partially attributed to the difference in axial load demands (Table 1). The high 
axial load in the transverse wall significantly contributes to the shear and bending moment 
resistance. The walls in the transverse direction also serve as supports for the floor, and thus, 
more walls are provided than required to resist the lateral loads in the short direction of the 
building. In the case of the parallel walls, the number of walls is optimised for the lateral 
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demands and the axial loads are low, which means that generally more reinforcement is 
needed for these walls.     

For the purpose of this study, the panel and joint reinforcement for the transverse wall are kept 
consistent along the height of the wall. In practice, the reinforcement amount can be optimised 
for the upper storeys.  

Table 1: Design demands and selected vertical reinforcement 

 Transverse Wall Parallel Wall 

Design axial load at base 

ASCE 7-22 – Cl. 2.3.6-(6) 

ASCE 7-22 – Cl. 2.3.6-(7) 

 

6039 kN (8.0%Agf’c) 

3197 kN (4.2%Agf’c) 

 

1243 kN (1.6%Agf’c) 

  781 kN (1.0%Agf’c) 

Design base shear 494 kN 1003 kN 

Design overturning moment 7238 kNm 16229 kNm 

Vertical panel reinforcement Two layers of Ø9.5 mm at  
520 mm c/c (n=34) 

ρpanel,trans = 0.1% 

Two layers of Ø12.7 mm at  
250 mm c/c (n=70) 
ρpanel,parallel = 0.41% 

Vertical joint reinforcement One layer of Ø12.7 mm at  
1150 mm c/c (n=8) 
ρjoint,trans = 0.05% 

One layer of Ø25.4 mm at  
475 mm c/c (n=18) 
ρjoint,parallel = 0.42% 

ρjoint / ρpanel 0.5 1.0 

ρ = Reinforcement ratio of vertical reinforcement 
Ag = Gross cross-sectional area of the wall 
f’c = Design concrete strength  

3 Modelling method 

Nonlinear cyclic analyses are performed on the parallel and transverse walls using the 
advanced finite element software OpenSeesPy (Zhu et al., 2018). The model follows the 
modelling approach (Figure 3) introduced by Büker and Tobber (2025). In this approach, panel 
regions and splice regions away from the horizontal joints are modelled using typical cast-in-
place assumptions (e.g. Applied Technology Council, 2017). Constitutive models for concrete 
and steel are defined using Concrete04 based on Popovics (1973) and Steel02 based on 
Menegetto-Pinto (1973), respectively. The fracture of the steel is assumed to be at 0.05 and 
is modelled as a minmax condition on the material.  

 

Figure 3: Qualitative schematic of the modelling method shown on a typical PC shear wall (Shear 

reinforcement omitted for clarity) 
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The novelty of the approach by Büker and Tobber (2025) lies in the use of ZeroLengthSection 
fibre elements inserted at each horizontal joint to simulate the joint mechanics explicitly. The 
constitutive models for both concrete and reinforcement within these elements are defined in 
terms of a stress–displacement relationship. Behaviour of the reinforcing dowels is determined 
based on the force-slip model summarised by Uwamahoro et al. (2025) and modelled with 
Steel02, including a minmax condition. Concrete is represented by the Kent-Scott-Park 
material relationship (Concrete01) without tension. The stress-displacement relationship for 
the concrete is defined by multiplying the strain values for peak and crushing strain by ����� 
(Equation (1)), which has been demonstrated to work well in this configuration (Büker & 
Tobber, 2025). 

 ����� = 2.75
 (1) 

where c is the neutral axis depth from moment-curvature analysis of the joint section at a 
concrete compression strain of 0.003 in the outmost compression fibre. 

Shear deformations are modelled using a Section Aggregator assigned to both the splice and 
panel region. For storeys expected to remain uncracked in flexure, a linear elastic shear 
behaviour is assigned with Equation (2) defining the shear stiffness. In wall regions where 
flexural demands exceed the cracking moment, the shear modulus is reduced to ��/10, in line 
with the recommendations of PEER/ATC 72-1 (PEER & ATC, 2010).  

 
��� =

��

2(1 + �)
��� (2) 

where �� is the Young’s modulus of concrete, � is the Poisson’s ratio (taken as 0.2), �� is 

gross cross-sectional area of the wall and � is the shear correction factor (taken as 5/6 for the 
rectangular wall sections).  

Recommendations by the LA Tall Buildings Guide (LATBSDC, 2023) are followed for the axial 
loads and probable material values (e.g. f’c,prob = 45.5 MPa) used for the model. The resulting 
axial loads are 4184 kN (4.3%Agf’c,prob) and 964 kN (1.0%Agf’c,prob) for the transverse and the 
parallel walls, respectively. In addition, P-Delta effects are considered. 

The walls are subjected to increasing cyclic drift demands following the first mode deflections 
obtained from the ETABS building model. The lateral roof drift displacements are gradually 
increased with two cycles each at 0.10%, 0.25%, 0.50%, 0.75% and 1.00%. 

4 Results 

The two walls exhibit significant differences in both local and global behaviour under reversed 
cyclic demands. Figure 4a and Figure 4b show rotation profiles over the building height for the 
transverse and parallel walls, respectively. These rotation profiles represent the local 
deformations at the joint. Although both wall sets are pushed to the same roof drift, the 
transverse wall develops substantially larger rotations at the joint, leading to bar fracture at the 
base joint at much lower drift. Joint rotations in the transverse wall also show more localisation 
in the base joint than in the parallel wall.  

The deformations in the panel and splice are illustrated through the curvature profiles in Figure 
4c and Figure 4d. The curvature distribution of the transverse wall (Figure 4c) demonstrates 
that the PC panels do not reach their yield curvature and, thus, confirms that all inelasticity is 
localised in the base joint. This behaviour stems from the significantly lower reinforcement ratio 
in the joint compared with the panel section (Table 1). By comparison, the parallel wall exhibits 
more distributed inelasticity in both the joints (Figure 4b) and the wall panels (Figure 4d). 
Significant inelastic deformations can be observed over the first storey, including the second 
joint. An exception is the splice region (Figure 3), which remains elastic due to the relatively 
high reinforcement content.  
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Transverse wall Parallel wall 

 

(a) Rotation profile 

 

(b) Rotation profile 

 

(c) Curvature profile 

 

(d) Curvature profile 

 

(e) Global response 

 

(f) Global response 

Figure 4: Nonlinear cyclic analyses results 

The walls also display stark differences in their global base shear-displacement behaviour. 
Figure 4e presents the base shear versus roof displacement for the transverse wall, 
characterised by a strongly pinched hysteresis with low energy dissipation. This flag-shaped 
behaviour is not typical for mid-rise walls but can be attributed to the combination of the very 
low flexural contribution from the limited joint reinforcement and relatively high axial load 
demand (Table 1). Throughout the inelastic cycles, several load drops are evident, starting at 
about 0.3% roof drift. Each load drop coincides with the fracture of a connection dowel at the 
base joint. After the dowels fractured at approximately 0.5% roof drift, only the axial force 
remains to generate lateral load resistance. While it is curious that the fracture of individual 
connection bars leads to only small drops in the base shear resistance relative to the 
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contribution of the axial load, such fracture should generally be avoided to maintain the stability 
of the walls. Conversely, the parallel wall shows fuller hysteresis loops and, hence, provides 
greater energy dissipation, as seen in Figure 4f. This observation is consistent with the 
reinforcement-controlled lateral mechanism. The parallel wall does not experience bar fracture 
under these load demands, which is consistent with the more uniform distribution of 
deformation along the height in both curvature and rotation. Concrete crushing is not observed 
in either of the walls.  

Another notable observation is the difference in initial stiffnesses of the walls. The transverse 
wall demonstrates a significantly higher initial stiffness than the parallel wall. Mechanically, the 
high stiffness in the transverse wall can be attributed to the very localised yielding and the 
significant axial loads.   

Overall, having the same reinforcement ratio in the joint and panel, as is the case for the 
parallel wall, appears to result in higher global deformation capacity. Achieving this for the 
transverse wall would require increasing the number and size of grouted dowel connections in 
the joint to match the reinforcement ratio of the panel, which raises construction costs. An 
alternative proposed in the commentary of ACI/PCI 319-25 (Joint ACI-PCI Committee 319, 
2025) suggests debonding part of the connection reinforcement in order to increase the 
deformation capacity at the joint. While this would allow higher joint rotations, there are 
concerns about premature buckling of the connection reinforcement (Uwamahoro et al., 2025) 
and increased concrete damage, as well as concrete crushing potential due to higher local 
deformations. Further research should be undertaken to assess the effect of those methods 
on the global and local behaviours.  

5 Conclusion and future work 

This study evaluates the design and nonlinear cyclic lateral response of a representative 
residential PC wall building in North America (rectangular layout with one-way PC slabs). Two 
walls are selected, one representing the walls perpendicular to one-way slabs (transverse wall) 
and the other the walls parallel to the floor direction (parallel wall). The building and walls are 
designed in accordance with US provisions. The key findings are as follows:  

 Axial, shear and flexural demands are highly dependent on the location of the wall 

relative to the floor span.  

o Transverse walls serve as supports for the one-way PC floors and therefore 

carry high axial loads. Because the number of these walls is determined by 

floor support requirements, they tend to experience relatively low lateral 

demands. Their design is often controlled by minimum panel reinforcement 

and integrity reinforcement requirements at the joints rather than by lateral 

load demands. 

o Parallel walls do not support floors and thus experience comparatively low 

axial forces. However, because buildings typically include fewer of these 

walls, each individual wall attracts higher lateral demands. Their design is 

generally governed by wind or seismic forces.  

 Significant differences are observed in the cyclic nonlinear behaviour of transverse 

and parallel walls.  

o Transverse walls exhibit high initial stiffness but low energy dissipation due to 

the relatively high axial loads and low reinforcement ratio. The performance is 

dominated by localised inelastic deformations in the base joint section, as the 

joints tend to be weaker than the panel. The localised damage limits the 

deformation capacity.  

o Parallel walls display fuller hysteresis loops and a significant amount of 

energy dissipation. Deformations tend to spread across both the joint and 

panel as the flexural reinforcement amounts of these two sections are typically 
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similar. The distribution of inelasticity increases the deformation capacity of 

these walls.  

 Further ongoing work focuses on nonlinear time-history analysis to further understand 

the dynamic performance of horizontally stacked PC walls.  
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