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Abstract. Wire-mesh concrete sandwich walls (WCWs) represent a composite structural system known for its
lightweight construction and low-carbon advantages. However, standardized criteria for evaluating their seismic
performance remain insufficient, and quantitative assessments of their carbon reduction potential lack rigorous
scientific validation—factors that hinder broader engineering application. In this study, incremental dynamic analysis
(IDA) and quantile regression were employed to establish, for the first time, a three-tier seismic performance
evaluation framework for WCWs based on inter-story drift ratio and inter-story shear force. Furthermore, a novel
four-stage correlation model linking seismic intensity measures (IM), structural response, wall dimensions, and
carbon emissions was developed to quantitatively relate seismic design parameters to embodied carbon emissions.
This model provides a theoretical basis for the integrated design of structural safety and sustainability in green
buildings. A case study of a WCW building demonstrated a 41.19% reduction in carbon emissions compared to
conventional reinforced concrete shear walls. These findings offer critical theoretical and technical insights for the
application of WCWs in sustainable construction.

Keywords: carbon emission model; incremental dynamic analysis; seismic performance evaluation; wire-
mesh concrete sandwich wall

1. Introduction

The accelerating pace of global climate change and rapid urbanization has elevated energy
efficiency, carbon emission reduction, and seismic safety to critical priorities in the construction
sector. Conventional reinforced concrete (RC) structures, while widely used in civil engineering,
have increasingly prominent limitations over time, including high carbon emissions, inconvenient
construction, and poor adaptability to modularization. In this context, an innovative composite
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Figure 1. Configuration and structural details of WCW

wall system—the wire-mesh concrete sandwich wall (WCW)—has been developed. As illustrated
in Fig. 1, WCWs comprise orthogonally welded wire meshes, diagonal shear connectors, concrete
wythes, and an expanded polystyrene (EPS) insulation core. The diagonal connectors are
resistance-spot-welded to the wire meshes on both faces, providing composite action between the
concrete wythes and core material. This configuration delivers significant advantages in
lightweight construction, enhanced thermal performance, low-carbon characteristics, and
constructability efficiency (modular assembly). These attributes establish WCWs as a promising
solution for sustainable seismic-resistant structures, motivating this research. Despite
demonstrating favorable mechanical properties and environmental benefits, the absence of
standardized seismic performance evaluation criteria and scientifically validated methodologies for
quantifying carbon reduction advantages impedes their broader engineering implementation.

In view of the above problems, scholars have carried out some research on the seismic
performance evaluation method of sandwich walls. Hu et al. [1] implemented high-damping
viscoelastic isolation mitigation devices (VEIMDs) in precast sandwich wall systems to enhance
seismic performance through fundamental period elongation and damping enhancement. He et al.
[2] introduced multi-directional viscoelastic dampers (MDVDs) for bolted precast concrete
sandwich wall panel structures (PC-SWPS), conducting fragility analyses demonstrating 30-40%
reductions in peak floor acceleration (PFA) and interstory drift ratio (IDR). Yan et al. [3] a new
type of UPSSW is proposed. Its seismic performance is verified by experiments and simulations,
and the optimization design method and bearing capacity calculation formula are established. Li et
al. [4] proposes a prefabricated ceramsite foam concrete sandwich shear wall (CFCW) integrating
thermal insulation and structural strength, with experimental and numerical analyses revealing the
effect of axial compressive ratios on seismic performance. Romina et al. [5] experimentally
validated that cavity brick walls retrofitted with glass fiber-reinforced polymer (GFRP) bars and
fabric-reinforced cementitious matrix (FRCM) systems exhibited higher in-plane shear capacity
and greater out-of-plane resistance. Chougule et al. [6] compared the response differences between
prefabricated and monolithic structures under various earthquakes. Gang et al. [7] showed that the
seismic performance of the prefabricated sandwich wall (SW) structure is slightly better than that
of the cast-in-place form, but it is equivalent to the collapse resistance of the conventional shear
wall (RW), and saves material optimization construction. Xiuhua et al. [8] discussed the influence
of steel plate configuration parameters (layout, thickness, single and double sides) on the seismic
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performance of cold-formed thin-walled steel-paper straw board-steel plate composite wall, and
established the calculation formula of shear capacity of composite wall. Fei et al. [9] proposed a
precast concrete-filled steel tube boundary single-layer reinforced shear wall structure, which can
form an assembled seismic system by connecting the frame beam with bolts. The influence of
axial compression ratio and steel bar support on the seismic performance of the structure was
analyzed, and a normal section calculation model for predicting the bearing capacity of the
structure was proposed. Herrera et al. [10] verified that the two kinds of precast iron wall (PFW)
were in the direct occupancy (IO) performance level under earthquake by cyclic loading test
combined with Mostaghel hysteresis model and incremental dynamic analysis (IDA), which
confirmed its excellent energy dissipation capacity and damage control characteristics. Guo et al.
[11] proposed a new type of low-level pre-bolted connection. While these studies have
significantly advanced the understanding of sandwich wall seismic behavior—focusing on
parameters such as lateral strength, failure modes, and the influence of connectors—a standardized
framework that quantitatively links fundamental performance indicators (strength, stiffness
degradation, ductility, and energy dissipation) to distinct seismic performance levels (e.g.,
Immediate Occupancy, Life Safety) remains underdeveloped. This gap hinders the application of
performance-based seismic design (PBSD) principles to WCW structures.

At the same time, scholars have also done a lot of research on carbon emission assessment
methods for sandwich walls, shear walls and fabricated structures. Tanmay et al. [12] used Life
Cycle Assessment (LCA) and Life Cycle Cost Analysis (LCCA) to show that buildings employing
precast sandwich wall panels reduce costs and environmental impacts compared to cast-in-situ
systems. Xu et al. [13] challenges the assumption that prefabrication ensures decarbonization,
revealing its carbon mitigation potential is critically dependent on structural material choices and
prefabrication rates, with concrete variants risking carbon lock-in. Dong et al. [14] Prefabrication
does not guarantee lower carbon emissions, with an optimal prefabrication rate of 3.8-10.6%
needed to balance cost and carbon reduction. Norma et al. [15] compared the sustainability of two
semi-sandwich partition panels (APXPS-alkali-activated ceramic/slag waste cement with XPS
foam; APICB-alkali-activated ceramic/slag waste cement with expanded cork board) against
traditional heavy partitions, lightweight gypsum boards, and conceptual sandwich membrane
structures using LCA and multi-criteria decision analysis, finding APXPS and APICB offered
optimal environmental-functional-economic performance with negative contributions to global
warming potential. Yu et al. [16] explored the potential of advanced engineered wood, enhanced
through multi-scale computational design, chemical modification, and structural engineering for
improved mechanical, thermal, optical, and energy properties, as carbon-storing materials for
sustainable negative-carbon buildings, combining LCA and techno-economic analysis. Hao et al.
[17] developed a BIM-based method for quantifying embodied carbon emissions, confirming
BIM’s effectiveness and revealing the carbon reduction advantages of prefabrication over
traditional construction. A.O. et al. [18] studied bio-inspired lightweight sandwich CFRP
composites and recycled concrete as steel alternatives, highlighting significant cost-effectiveness,
ductile failure modes, and transportation weight reduction benefits, while utilizing recycled
aggregates and lightweight design to lower lifecycle carbon emissions. Tighnavard et al. [19]
demonstrated, based on LCA and Life Cycle Cost (LCC) analysis, that novel engineered wood-
steel plate composite structures enhance structural performance while offering significant low-
carbon and economic advantages. Xu et al. [20] established a P-GPS-LCA model based on LCA
theory to evaluate carbon reduction potential in building components, finding prefabricated
buildings had lower emissions than cast-in-situ ones, with emissions decreasing as prefabrication
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rates increased; emissions showed a significant linear positive correlation with prefabricated
volume and cost. Aiyan et al. [21] developed a carbon emission calculation model for the
production and construction stages of prefabricated components using process inventory analysis,
with case studies showing lower emissions per unit area for prefabricated concrete composite slabs
compared to cast-in-situ slabs, and emissions decreasing with higher prefabrication rates. Xiaocun
et al. [22] analyzed a dataset of 403 buildings, assessing the statistics and distribution of Embodied
Carbon Intensity (ECI) using a cradle-to-site boundary, revealing that two-thirds of emissions
stemmed from structural materials (steel, concrete, prefabricated components); strategies like low-
carbon material substitution, material optimization, and cascading use were identified for ECI
reduction. Li et al. [23] quantified the carbon emissions of Prefabricated Concrete Buildings
(PCBs) using a BIM-based lifecycle accounting system, finding PCBs significantly reduced
emissions compared to traditional cast-in-situ buildings, with emissions concentrated in the
operation and maintenance phase and negative emissions during demolition and recycling. Li et al.
[24] constructed a lifecycle carbon footprint accounting framework for prefabricated buildings
based on circular economy principles, verifying through case studies the dominant contribution of
material production and transportation stages, and employed data quality indicators and Monte
Carlo simulation for uncertainty analysis, identifying key reduction processes like cast-in-place
concrete. These studies primarily utilize lifecycle-oriented quantitative methods (LCA, LCC, BIM,
process inventory analysis, carbon footprint frameworks) focusing on contributions from novel
materials (engineered wood, CFRP composites, recycled concrete), novel structures (precast
sandwich panels, semi-sandwich panels, wood-steel composites), or advanced construction
methods (prefabrication) to reduce building lifecycle carbon emissions. However, a model
explicitly linking structural seismic performance with carbon emissions has yet to be developed.
Bridging this gap by establishing a quantitative relationship between seismic performance and
carbon emissions is essential for advancing integrated safety-sustainability design methodologies.

The authors’ research group has previously conducted systematic experimental investigations
on this novel wall system. Quasi-static cyclic tests on individual full-scale WCWs [25] were
performed to understand their fundamental hysteretic behavior, including failure mechanisms,
bearing capacity, ductility, stiffness degradation, and energy dissipation capacity under various
design parameters (concrete layer thickness, steel wire spacing, concrete strength, and axial
compression ratio). Subsequently, a shaking table test on a 1:3 scaled three-story WCW building
model [26] was carried out to evaluate its overall seismic response under realistic ground motions,
capturing dynamic characteristics, acceleration and displacement responses, and damage
progression. These prior studies confirmed the favorable mechanical properties and satisfactory
seismic performance of WCWs, providing essential experimental data for validating numerical
models. However, despite this progress, the absence of standardized seismic performance
evaluation criteria and scientifically validated methodologies for quantifying carbon reduction
advantages impedes their broader engineering implementation.

This study focuses on WCWs, pursuing two core objectives: establishing standardized criteria
for their seismic performance and quantifying their carbon emissions as a function of the design
seismic intensity. On this basis, the building structure model is established. After shaking table test
and numerical simulation, IDA and quantile regression methods were used to establish a three-
layer seismic performance evaluation framework based on inter-story drift ratio and shear force. In
addition, a novel four-stage correlation model (seismic intensity-structural response-wall size-
carbon emissions) is established to clearly link carbon emissions with seismic intensity indicators
and quantify low-carbon benefits under different seismic design schemes. Crucially, carbon
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Figure 2. Scaled model shake table test

emissions were directly correlated with seismic intensity measures, revealing the significant
impact of seismic hazard levels on low-carbon design outcomes.

2. Seismic performance evaluation of WCW building structures
2.1 Verification of numerical model of WCW building

In the early stage, the research group constructed a 1:3 scale model for shake table testing. The
primary load-bearing elements are cast-in-situ WCW panels, integrated with cast-in-situ concrete
components (foundations, ring beams, structural columns, floor slabs) to form a semi-prefabricated
monolithic system, as shown in Fig. 2 [26]. In this paper, the shaking table test data of WCW
building are compared with the numerical model to verify the accuracy of the finite element
modeling.

A 3D nonlinear dynamic analysis model of the scaled WCW building structure was developed
using the OpenSees platform via the STKO pre/post-processor. Concrete material behavior was
modeled using the “Concrete02” constitutive model; steel reinforcement was modeled using
“Steel01”. The model employed a spatial frame approach: beams, columns, walls, and
reinforcement measures were simulated using beam-column elements. Beams and columns used
rectangular fiber sections. Square steel tubes reinforcing door/window openings used elastic
sections. Shear walls were modeled using membrane fiber elements. Rigid diaphragms
(“RigidDiaphragm” constraint) were assigned at each floor level to simulate slab in-plane rigidity.
The final model comprised 195 nodes and 390 elements, as shown in Fig. 3. Transient analysis
employed the Newmark-f method. Due to rigid diaphragm constraints, the “Transformation”
constraint handler and “Newton” algorithm (subspace) were used. Convergence was monitored
using tolerance criteria.

Modal analysis was first performed to determine the structure’s dynamic characteristics. A
comparison of fundamental frequencies between test and simulation is presented in Table 1,
showing reasonably small errors and validating the model’s basic accuracy.

The maximum acceleration responses at the top floor obtained from STKO FEA under EL-
Centro (Basic 7-degree, Rare 8-degree) and Taft (Basic 7-degree, Rare 8-degree) excitations are
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Figure 3. Finite element model of scaled WCW building structure

Table 1. Comparison of fundamental frequencies

Direction Mode Test (Hz) FEA (Hz) Error (%)
Ist 10.02 11.20 11.78
X 2nd 20.08 21.36 6.37
3rd 39.07 41.71 6.76
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Figure 4. Comparison of top floor acceleration time history

compared with shake table test results in Fig. 4. The simulated responses exhibit consistent trends
and magnitudes with experimental data, further verifying the reliability of the FE model and
material parameter selection. The validation against shake table tests confirms the accuracy of the
scaled FE model, providing a reliable basis for subsequent IDA on the full-scale model.

Beyond global response parameters such as natural frequency and acceleration time history, the
failure mode observed in the shake table test provides crucial qualitative validation of the
numerical model’s accuracy. As detailed in the authors’ previous work [26], the physical test
revealed a clear sequence of damage. Cracks initially appeared at the corners of wall openings on
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(a) Cracks around window opening (b) Diagonal cracks on first-floor walls

Figure 5. damage patterns [26]

the first floor at a peak ground acceleration (PGA) of 0.54 g. With increasing intensity up to 0.81
g, extensive diagonal cracks developed predominantly in walls with larger openings (designated
W1 and W2 in [26]), forming an “X” pattern characteristic of shear-dominant failure, while upper
floors remained largely undamaged. Critically, even at this ultimate stage, the cold-formed thin-
walled steel tubes embedded at wall boundaries and around openings effectively arrested crack
propagation, preventing through-wall cracking and structural collapse, as illustrated in Fig. 5. This
observed failure mechanism—characterized by distributed diagonal cracking without catastrophic
disintegration—aligns well with the damage patterns predicted by the numerical model and
supports its capability to simulate the inelastic behavior of WCWs.

2.2 Incremental dynamic analysis of WCW building structure

The full-scale prototype building, on which the IDA is based, is a three-story structure with a
story height of 3.0 m and a total height of 9.0 m. Its plan dimensions are 4.5 mx7.2 m. The WCWs
have a total thickness of 200 mm, consisting of two 50 mm thick concrete wythes and an 80 mm
thick expanded polystyrene (EPS) core, reinforced with 2.5 mm diameter galvanized steel wire
meshes (50 mmx50 mm grid) and slant connectors. The floor slabs are 120 mm thick. Detailed
construction and reinforcement layouts, including the arrangement of thin-walled steel tubes at
openings and connections, follow the descriptions in the authors’ previous experimental work [26]
and are illustrated in Fig. 1 of this manuscript.

A full-scale nonlinear FE model of the WCW building structure was developed in STKO. IDA
was performed on this model. Fourteen ground motion records conforming to FEMA P-695 [27]
requirements were selected from the provided set. The intensity measure (IM) was the spectral
acceleration at the structure’s fundamental period with 5% damping, Si(Ti,5%). The damage
measures (DMs) were the maximum inter-story shear force V and the maximum inter-story drift
ratio fmax. The Hunt and Fill algorithm [28] was employed for amplitude scaling. Starting with an
initial Sa(T1,5%)=0.5 g, the scaling increment was set to 0.2 g initially, with a step size increment
of 0.05g. When analysis divergence occurred (indicating collapse), interpolation was performed
between the largest IM value causing convergence and the smallest IM value causing divergence
to pinpoint the collapse point accurately. Further interpolation was applied between converged



598 H. Wang et al.

Table 2. Example ground motion scaling using Hunt & Fill algorithm

Step No. Calculation Method Sa(T1,5%) (g) A
1 \ 0.5 0.773
2 0.5+0.20 0.7 1.082
3 0.7+0.20+0.05x1 0.95 1.468
4 0.95+0.20+0.05%2 1.25 1.932
5 1.25+0.20+0.05%3 1.6 2.473
6 1.6+0.20+0.05%4 2 3.091
7 2+0.20+0.05%5 2.45 3.787
8 2.45+0.20+0.05%6 2.95 Divergent
9 2.45+(2.95-2.45)/3 2.62 Divergent
10 2.45+(2.62-2.45)/3 2.51 3.879
11 (2.45+2)/2 2.225 3.439
12 (2+1.6)/2 1.8 2.782
13 (1.6+1.25)/2 1.425 2.202
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Figure 6. MIR IDA curves
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Figure 8. Relationship between damage states and limit states

points at lower IMs to densely populate the IDA curves. The scaling process for one record is
exemplified in Table 2.

For each scaled ground motion record, nonlinear time-history analysis was performed. The
maximum inter-story drift ratio (MIR) Omax and maximum inter-story shear force (MIF) V were
extracted for each IM level. Analysis stopped when divergence occurred (indicating collapse). IDA
curves were by plotting DM (Omax or V) versus IM S,(T1,5%) for all 14 records, as shown in Figs. 6
and 7.

Figs. 6 and 7 show that at low IM levels, IDA curves are nearly linear with low dispersion,
indicating elastic structural behavior. As Sa(T1,5%) increases, the structure enters the inelastic
range, curve dispersion increases significantly, and the rate of DM increase slows down, reflecting
the uncertainty inherent in ground motions.

2.3 Seismic performance evaluation indices for WCW structure

The seismic performance of the WCW building structure is categorized into four damage states
(DS): DS1 (No Damage), DS2 (Moderate Damage), DS3 (Severe Damage), DS4 (Collapse),
corresponding to three limit states (LS): LS1 (Immediate Occupancy-10), LS2 (Life Safety-LS),
LS3 (Collapse Prevention-CP). The relationship between damage states and performance levels is
illustrated in Fig. 8.

The MIR (fmax) and MIF (V) were selected as engineering demand parameters (EDPs) because
they effectively capture the deformation and force demands on the structure, respectively, which
are essential for defining damage states. Using the DM Indicator Method [29], limit state
thresholds for three performance levels were defined based on the slope evolution of the
Incremental Dynamic Analysis (IDA) curve: LS1 (10) corresponds to a significant change from
the initial elastic slope (Ke); LS2 (LS) is identified by a pronounced negative slope or inflection
point; LS3 (CP) is reached when the slope K<0.2Ke.

MIR serves as a proxy for ductility and deformation capacity, quantifying damage progression
across limit states, from 0.06% at LS1 to 1.12% at LS3. These thresholds correspond to physically
observable damage mechanisms from quasi-static cyclic tests on individual WCWs [25]: LSI
matches initial flexural cracking; LS2 aligns with significant stiffness degradation and diagonal
shear crack dominance; LS3 corresponds to the ultimate displacement near peak load where
strength degradation accelerates toward failure.

MIF captures lateral strength evolution through its peak values on IDA curves. Additionally, the
changing slope of the IDA curve—the basis for defining the three limit states—implicitly reflects
stiffness degradation. The overall IDA curve path, influenced by V and Omax, also embodies the
structure’s energy dissipation capacity. Thus, establishing probabilistic limits for both EDPs
enables an integrated assessment linking global seismic response to cumulative damage states.
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Figure 10. MIR quantile curves

Table 3. Limit state thresholds for performance levels

Limit state parameter LS1 (10) LS2 (LS) LS3 (CP)
Vmax (KN) 17.94 29.94 68.79
Omax (%) 0.06 0.70 1.12

To account for record-to-record variability and provide a probabilistic assessment, the IDA data
were analyzed using the quantile regression method, specifically conditioning on IM. The
conditional probability distribution of DM given IM=x is assumed to be lognormal. Thus, In
(DM|IM=x) follows a normal distribution N(u,0), where g=Inzpmm and o=Fommm, (¢ 1s the median,
o is the logarithmic standard deviation of DM given IM=x). Quantile curves corresponding to
16%, 50% (median), and 84% probabilities of exceedance were calculated using Egs. (1)-(3) and
plotted in Figs. 9 and 10 for Vimax and Omax respectively. The limit state thresholds were determined
by applying the DM Indicator Method criteria to the median (50%) quantile curves, resulting in the
values listed in Table 3.
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P[DM < nppyyum|IM = x| = p[InD M < Innppm |IM = x|

= P[(leDMuM —In 77DM|IM)/ﬁDM|IM|IM = x] =®(0) =05 .
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Table 3 summarizes the limit state thresholds for three performance levels—Immediate
Occupancy (10), Life Safety (LS), and Collapse Prevention (CP)—defined by the MIR (Hmax) and
MIF (Vmax). Derived from IDA curves using slope-change criteria, these thresholds (Omax=0.06%,
0.70%, 1.12%; Vmax=17.94 kN, 29.94 kN, 68.79 kN) correspond to initial flexural cracking,
significant stiffness degradation with diagonal shear cracking, and near-collapse conditions,
respectively, consistent with quasi-static test observations [25]. Serving as key inputs to the four-
stage correlation model in Section 3.2, these performance limits—particularly the CP-level shear
force—bridge seismic demands with wall dimensions and carbon emissions, enabling integrated
safety-sustainability design optimization.

3. Carbon emission assessment methodology for WCWs

3.1 Structural seismic fragility analysis

The relationship between the intensity measure (IM) and the median engineering demand
parameter (EDP), denoted DM, is typically modeled by a power law [30].

DM = a(IM)F 4)
D = a(IM)? (5)

Taking the natural logarithm of both sides yields a linear relationship:
InD = a+bIn(IM) (6)

Assuming DM follows a lognormal distribution, its logarithmic mean (74) and logarithmic
standard deviation (f4) can be expressed as:

Na =1 nD @)

Bg = Jl/(N —2)YN . (InD — InD) (8)

Similarly, the structural capacity C (limit state threshold for an EDP) is also assumed
lognormally distributed with median C and logarithmic standard deviation f.:

ne = InC, 9)
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e = [1/N =2 54 InC — In0) (10)

The conditional probability of failure (exceeding a limit state) given IM is the fragility function
P 12

Pr =P(C/D < 1). (11)

Defining Z=C-D, failure occurs when Z<0. Z also obeys normal distribution, logarithmic
average nz=nc-nd , standard deviation Bz=\/fc? + Bd?, The fragility function is then given by
the cumulative distribution function (CDF) of the standard normal distribution:

Pr=P(Z < 0) = [° (1/B;VZm) exp| — 0.5[(Z — nz)/B7)*|dzZ. (12)

Pr = [(1/V2m) exp(— t2/2)dt = D(—nz/B7) = ¢<1n[a(1M)B/f]/,/ﬁc2 + ﬂd2>. (13)

Eq. (13) is the calculation formula of the exceedance probability P;, which can predict the
possibility of structural failure within a certain range.

In order to establish the relationship between the seismic intensity index IM and the structural
damage index DM, the natural logarithm of S,(T1,5%) is taken as the independent variable, and the
natural logarithm of the maximum inter-story shear force is taken as the dependent variable. Based
on the dynamic time history analysis results of 14 seismic waves after amplitude modulation, the
scatter plot is drawn and the regression analysis is carried out. The analysis curve is shown in
Fig.11. The relationship between the maximum inter-story shear force and the seismic intensity
index Sa(T1,5%) is obtained by regression analysis, as shown in Egs. (14) and (15).

In(V) = 3.4167 + 0.8711 In(S,(Ty, 5%)) (14)

V = 30469 x (S,(T, 5%))""" (15)
Bring Eq. (15) into Eq. (13), and get the transcendental probability expression:

P = <[30.469 X (Sa(Ty, 5%)) """ — In c|/ /BCZ + ﬁ,ﬁ). (16)

Among them, is the logarithmic standard deviation of the capacity parameter C, and is the
logarithmic standard deviation of the seismic response parameter D. Referring to the specification
HAZUS [31], when IM is Sa(T1,5%), the denominator value can be taken as 0.4. According to the
maximum inter-story shear force limit, the value of the capacity parameter C is determined, the
standard score is calculated, and then the probability of its occurrence is found through the
standard normal distribution table, and the exceedance probability corresponding to different
performance levels of the structure can be obtained. The (IM, P)) is plotted in the coordinate
system and connected by spline curves. The seismic vulnerability curve of the structure is shown
in Fig. 12.

From the shape and position of the fragility curves, it can be observed that the probabilities of
exceeding the LS2 (Life Safety) and LS3 (Collapse Prevention) limit states remain relatively low,
even at higher intensity levels. This indicates that the WCW building structure possesses a high
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margin of safety against severe damage and collapse under strong earthquake excitations. The
structure exhibits a gradual damage progression, with a clear separation between limit states,
which is desirable for performance-based design. These observations quantitatively demonstrate
that the proposed wire-mesh concrete sandwich wall system exhibits favorable seismic resistance
and satisfies the requirements for ductile failure mechanisms under moderate to high seismic
Intensities.

3.2 Theoretical derivation linking seismic intensity and carbon emissions

This section establishes a direct link between seismic performance and carbon emissions,
enabling rapid assessment of WCW carbon emissions under different seismic design requirements.
The core concept involves four interconnected relationships:

(1) The first relationship between the maximum inter-story shear force and the ground motion

intensity index has been introduced in detail in Section 2.1 and rigorous theoretical derivation

and analysis have been carried out. The results are shown in Eq. (15).

(2) The second relationship between the maximum inter-story shear force and the wall size is
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established. Our research group’s previous quasi-static test results show [25] that the bearing
capacity is mainly related to the thickness of the concrete layer, the axial compression ratio and
the strength of the concrete. Based on the shear bearing capacity formula of inclined section of
eccentric compression reinforced concrete shear wall in relevant specifications [32, 33], a
modified shear bearing capacity formula of inclined section of eccentric compression
reinforced concrete shear wall (Eq. (17)) is proposed:

As
Vin = (0.25f;besrhers + 0.13Nb,srlf.)/(a — 0.5) + 0.1feu 5 her- (17)

Among them, V,, is the shear bearing capacity of the steel wire mesh concrete house structure,
respectively, by and hey are the wall section width and effective height, f; is the concrete tensile
strength design value, f, is the steel wire tensile strength design value, S, and A4, are the wall in the
same horizontal section of the steel wire section area and spacing, « is the shear span ratio of the
section, a<1.5, is given 1.5 a>2.2, is given 2.2. N is the wall axial compression ratio, / is the wall
length, f is the concrete compressive strength design value.

Let the maximum shear design value of the sandwich wall be equal to the shear bearing
capacity, then V=V.,/yrs, yre is the seismic adjustment coefficient of the bearing capacity, which
improves the economy under the premise of ensuring “no collapse under major earthquakes”, and
guides the structure to form an ideal energy dissipation mechanism. Therefore, the second
relationship formula is:

Ag
V=V,/Yrg = <(0.25ftbeffheff +0.13Nbgflf,)/(a — 0.5) + 0.1ftu§heff> /Yre-  (18)

(3) The model establishes the third relationship — linking ground motion intensity indices to
wall size-by integrating the first relationship (seismic intensity and shear force) and second
relationship (shear force and wall size) through the maximum inter-story shear force. Therefore,
the third relationship formulas are:

0.871

(Sa(T,5%)) ",

IM)—A
Degs = vrg(a — 0.5) L0, (20)

Among them, A=0.1ftu gheff, B=0.25ftheff+0.13Nlfc, f (IM)=30.469%S(T1,5%)"*"!.

(4) The study establishes the fourth relationship between wall size and carbon emissions.
Through the third relationship, the calculation formula of wall size and ground motion intensity
index can be used to calculate the volume of structural concrete, and the carbon emissions of
concrete per unit volume can be known. Therefore, the relationship between wall size and carbon
emissions can be deduced, and the relationship between ground motion intensity index and carbon
emissions can be directly derived. So we can get:

[C1] = 8, [V (Begs)] = 81 [ X hepy X vrg (e — 0.5) 1204, @1)

(19)

[C] = [Ci] + X, (G (22)
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Figure 13. Wire-mesh concrete sandwich wall building structure

Table 4. Material carbon emission factors

Material Emission factor (EF) Unit
C30 concrete 295 kg COe/m?
Expanded polystyrene (EPS) 5020 kg COsel/t
Steel wire 2.46 kg COse/kg

Among them, §; is the carbon emission of concrete per unit volume, ¥(bey) is the calculation
formula of concrete volume with plate thickness as variable, and C; is the carbon emission value of
other materials.

3.3 Engineering case study: Carbon emission assessment

A 3-story, single-bay, double-bay WCW building (total height 9 m, story height 3m) is
considered. Key element dimensions: ring beams 200200 mm, structural columns 200x200 mm,
WCW thickness 200 mm, floor slab 120 mm. The layout is shown in Fig. 13.

The carbon emission of the sandwich wall is equal to the sum of the carbon emission of
concrete, the carbon emission of polystyrene foam board and the carbon emission of low carbon
galvanized steel wire. The carbon emission factor of the wall contains the material [34] as shown
in Table 4.

Among them, the carbon emission of concrete is equal to the volume of concrete multiplied by
the carbon emission per unit volume of concrete. The carbon emission of polystyrene foam board
is equal to the product of the volume of polystyrene foam board, the density of polystyrene foam
board and the carbon emission per unit volume of polystyrene foam board. The carbon emission of
low carbon galvanized steel wire is equal to the product of the total length of low carbon
galvanized steel wire, the density of low carbon galvanized steel wire and the carbon emission per
unit volume of low carbon galvanized steel wire.

For example, under the condition of 7 degree fortification, taking the wall with a size of 3
mx4.5 mx0.2 m as an example, the shear span ratio 4 is 1.5, the compressive strength of concrete
fe is 30 Mpa, the axial compression ratio N is 0.06, the strength of steel wire fi, is 549 Mpa, the
tensile strength of concrete f; is 5 Mpa, the cross-sectional area of steel wire 4, is 4.908 mm?,
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he=3000 mm, S.(T1,5%) is 3.818 g, the span / is 4500 mm, and the spacing of steel wire S, is 150
mm, b=59.9 mm.According to the determined seismic strength index, combined with the first
relationship model, the second relationship model, the third relationship model and the fourth
relationship model, the volume of concrete in the sandwich wall, the volume of polystyrene foam
board and the total length of low carbon galvanized steel wire are determined.

The volume of concrete is 1.62 m?; the density of polystyrene foam board is 34 kg/m? (0.034
t/m), and the volume is 1.08 m?. The density of 2.5mm low carbon galvanized steel wire is 3.85
kg/100m (0.0385 kg/m), and the total length of steel wire is 458 m. From the Eq. (21), (22), the
carbon emission of the steel wire mesh concrete building structure is calculated as follows:

C = 1.62m3 x 295 kgC0,e/m3 + 1.08 m3 x 0.034 t/m3 x 5020 kgCO,e/t +
458 m x 0.0385 kg/m x 2.46 kgCO,e/kg = 705.6 kg.

The carbon emission value of the reinforced concrete shear wall of the same size is
approximately 1199.88 kg. This indicates that the steel wire mesh concrete sandwich wall achieves
a 41.19% reduction in carbon emissions compared to the reinforced concrete shear wall. Based on
this finding, it can be further inferred that the overall structural system of steel wire mesh concrete
buildings offers significant carbon reduction potential relative to conventional reinforced concrete
structures. Therefore, WCWs demonstrate strong potential for widespread application as a green
building solution across various construction types.

(23)

4. Conclusions

This study systematically investigated the seismic performance evaluation criteria and carbon
emission assessment methodology for wire-mesh concrete sandwich walls (WCWs) through
experimental testing, numerical simulation, and theoretical derivation. The main conclusions are:

(1) Through incremental dynamic analysis of a WCW building structure validated by shake
table tests [21], the response characteristics under earthquake excitation were revealed. Based
on the quantile curve method, the discreteness of the maximum inter-story shear force (V) and
drift ratio (fmax) Was quantified. Three performance level limits—Immediate Occupancy (10),
Life Safety (LS), and Collapse Prevention (CP)—were established based on IDA curve slope
changes, yielding 6n.x=0.06%, 0.70%, 1.12% and V=17.94 kN, 29.94 kN, 68.79 kN,
respectively. The structure exhibits a flexural-shear composite failure mode under strong
earthquakes, with slant steel wires effectively transmitting shear forces and delaying concrete
wythe separation, consistent with observations from quasi-static tests [25]. The overall seismic
performance meets code requirements.
(2) A novel four-stage correlation model (seismic intensity-structural response-wall
dimensions-carbon emissions) was developed, establishing a direct quantitative link between
seismic performance demands and carbon emissions. A case study demonstrated that WCWs
reduced embodied carbon emissions by 41.19% compared to traditional RC shear walls. This
low-carbon advantage primarily arises from the lightweight design (EPS insulation core,
efficient wire mesh reinforcement) and reduced concrete volume. However, higher seismic
intensity demands increase material requirements and consequently carbon emissions,
highlighting the need for integrated safety-sustainability optimization.

The outcomes of this research provide a theoretical foundation for the engineering application
of WCWs, fostering the integrated advancement of structural safety and low-carbon performance
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in green building design. Future work should incorporate comprehensive life cycle assessment and
extend the methodology to other sandwich wall configurations.
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