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Introduction

Tensile load transfer in textile-reinforced quasi-brittle 
composites couples the structural force carried by the matrix and  
textile with local concentrations of cracking, slip and stiffness 
degradation. Textile bridging can sustain load after matrix cracking.  

 
How that load redistributes over the gauge region depends on textile 
architecture, matrix deformability and interfacial constraint. ACK-
type multiple-fracture theory describes the competition between 
matrix cracking and fibre load carrying. Fracture-mechanics 
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analyses also show how interfacial bonding and frictional sliding 
affect matrix cracking [1,2]. These theories guide interpretation of 
load transfer, but the local fields still need to be examined for each 
textile system.

Engineered geopolymer composites use dispersed-fibre 
bridging to improve matrix tensile deformability. Their design 
depends on matching matrix fracture resistance with fibre-
bridging capacity [3,4]. A continuous textile grid adds load-transfer 
paths among the matrix, dispersed fibres and textile. Reviews of 
experimental studies show that specimen geometry, gripping and 
strain measurement affect first cracking, hardening and post-
peak response in textile-reinforced cementitious composites [5]. 
Geopolymer composition and curing also influence the constitutive 
response [6]. Comparisons of textile architectures must therefore 
keep material stress, specimen-level nominal stress and structural 
force distinct.

A numerical model must account for local displacement 
discontinuities and relative slip between textile and matrix. The 
partition-of-unity method admits enrichment functions based on 
the problem being modelled [7]. XFEM uses this construction to 
separate crack geometry from the background mesh [8]. A traction–
separation relation describes interfacial debonding and dissipation 
separately; related approaches have been applied to textile-
reinforced mortar [9,10]. Even with these descriptions, different 
local damage distributions can yield similar load–elongation curves. 
Peak-load agreement alone cannot resolve this non-uniqueness or 

its implications for the failure mechanism.

This study examines how textile architecture affects the spatial 
organisation of inelastic deformation and tensile damage when 
structural tensile responses are comparable. The numerical results 
cover carbon, normal-steel and tight-weave-steel architectures, 
using published tensile experiments as the reference [11]. The 
assessment begins with six load–elongation responses, then 
considers the reported PEEQ fields in geopolymer and mortar 
systems and the DAMAGET fields in geopolymer systems. Structural 
agreement, local constitutive outputs and crack geometry are 
examined as distinct forms of evidence when interpreting the 
effects of architecture on load transfer and localisation.

Materials and Methods

Material systems and loading

The specimens use carbon (C), normal-steel (S) or tight-weave-
steel (TS) textiles. TR-EGC denotes the geopolymer systems, and 
TRM denotes the mortar controls. Structural comparisons cover 
C-4, S-4, TS-4, C-8, S-8 and TS-8; the numeral denotes the alkali-
solution concentration group in mol/L. The finite element curves 
and fields are assessed against the tensile experiments reported 
by Lam and co-workers [11]. Figure 1 shows the specimen, textile 
arrangement and end loading. Load is applied through a reference 
point at one end, with rigid-body motion restrained at the other. 
The clamping and central deformation regions are considered 
separately in the local-field analysis.

The structural assessment compares force P and elongation Δ 
directly, without converting them using a cross-sectional area or 
gauge length. This preserves quantities that are directly comparable 
between experiment and computation. Appendix A defines textile 

material stress and S-4 specimen nominal stress separately. 
Because these measures use different denominators, their peaks 
cannot be compared as the same stress quantity.

Figure 1: Specimen, textile arrangement and end loading. TR-EGC and TRM denote the matrix systems; RP-1 and RP-2 are end reference 
points. The schematic does not specify the extensometer gauge length used for the supplementary response.
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Displacement discontinuities and crack-surface trac-
tion

Equation (1) gives a small-strain displacement  approximation 
enriched to represent a jump across the crack surface. N denotes a 
shape function, u denotes a conventional nodal degree of freedom, 
a denotes a jump-enrichment degree of freedom, and J denotes the 
set of enriched nodes. The shifted Heaviside function is zero at the 
associated node, keeping enrichment amplitudes distinct from con-
ventional nodal displacements. The expression uses the established 
XFEM approximation space [8]; it does not introduce a new enrich-
ment algorithm.

	

Stationary linear-elastic cracks with near-tip asymptotic 
enrichment have different approximation requirements from 
propagating cracks represented by cohesive segments or phantom 
nodes. The Abaqus implementation for propagating cohesive cracks 
uses the displacement jump and does not require stationary-crack 
singular enrichment [12]. Equations (1)–(2) therefore focus on 
displacement discontinuities and crack-surface transfer. Material-
point outputs describe the constitutive response, while crack-
specific outputs describe crack geometry. These outputs provide 
distinct information.

Equation (2) sets out the virtual-work contributions to load 
transfer. Ω denotes the bulk domain, Γc the internal matrix crack 
surfaces, Γi the textile–matrix interfaces and Γt the external traction 
boundary. Matrix cracks and material interfaces are physically 
distinct, so their traction contributions cannot be represented by 
an interchangeable damage variable. The expression also makes 
clear that total reaction and displacement alone do not uniquely 
determine the separate contributions of crack-surface and interface 
dissipation.

	

Interfacial softening and the energy scale

A traction–separation relation links relative displacement 
between textile and matrix to the interfacial force. Equation (3) 
defines a scalar bilinear relation for monotonic opening: K is 
the initial interface stiffness, t0 the peak traction, and δ0 and δf 
the separations at the onset of softening and at complete failure. 
Compressive contact and tangential transfer need separate 
descriptions. Interface models for textile-reinforced mortar provide 
a basis for these relations, although the parameters remain specific 
to each textile–matrix system [10].

	

For the bilinear relation, the area under the traction–separation 
curve gives the dissipation per unit area, as shown in Eq. (4). Peak 
traction and failure separation jointly determine this energy. Peak 
structural force alone cannot identify them separately. Strain 
softening in a quasi-brittle bulk material also needs a characteristic-
length treatment to preserve physical fracture energy after 
discretisation [9,13]. Both the energy and discretisation scales 
therefore constrain the interpretation of local fields and structural 
curves.

	

Constitutive meaning of the field outputs

DAMAGET is the tensile damage variable dt. For uniaxial 
tension, Eq. (5) relates damaged stress to effective undamaged 
stress. The variable dt describes stiffness degradation, not crack 
opening, cracked-area fraction or dissipated energy. A value below 
unity does not by itself establish whether a crack has traversed 
the specimen [14]. Damage variables for material interfaces and 
cohesive crack surfaces must also be distinguished from this bulk-
material output.

	

PEEQ is used here as a software output identifier; its physical 
meaning depends on the material model. In concrete damaged 
plasticity, PEEQ is the compressive equivalent plastic strain, 
while PEEQT identifies the tensile equivalent plastic strain [14]. 
The displayed PEEQ field therefore cannot be labelled as tensile 
cracking strain or used on its own to trace an XFEM crack. It is used 
to compare non-uniform material responses at the displayed output 
states. Its distribution is interpreted separately from DAMAGET.

Assessment of structural responses and local fields

The structural comparison follows the initial response, the 
region near the peak and the post-peak branch. Equation (6) 
defines the peak-load difference, with superscripts num and exp 
denoting the numerical response and experimental reference. Table 
1 values are estimated from recovered graphical coordinates and 
describe agreement between the plotted curves. They do not have 
the precision of the original sampling records. Across the cases, one 
vertical pixel represents approximately 0.04–0.12 kN. Differences 
below that resolution are not used to rank model performance.

		

The local-field assessment reports each variable identifier 
together with its colourbar extremum and the location of elevated 
values. Each panel has its own numerical scale, so the same colour 
can represent different values. The fields show spatial snapshots at 
the displayed output states, not maxima over the full loading history. 
The cases are also not assumed to be at the same displacement 
or dissipation stage. These snapshots support an assessment of 
spatial localisation, but they do not determine crack-growth rates 
or energy partition.
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Results and Discussion

Load–elongation responses

Figure 2 compares the experimental reference curves with 
the finite element curves for the six specimen groups. All systems 
show changes in stiffness and a nonlinear load-carrying stage, with 

differences in the hardening interval and post-peak unloading. The 
tight-weave-steel cases carry higher forces in these comparisons, 
while the normal-steel cases have lower peaks. These are specimen-
level responses. An intrinsic material advantage cannot be inferred 
without accounting for textile content, matrix behaviour and 
interface conditions.

Table 1: Peak-load estimates and relative differences from the plotted curves.

Case Experimental peak (kN) Numerical peak (kN) Difference (%)

C-4 14.6 14.6 ≈0

S-4 5.7 5.7 ≈0

TS-4 16.7 16.4 −1.6

C-8 14.8 15.2 +3.3

S-8 6.6 6.8 +2.2

TS-8 20.5 20.2 −1.5

Peak loads are reported to 0.1 kN, while differences are calculated from unrounded recovered coordinates. Approximately zero indicates a difference 
below one vertical pixel, not zero model error.

Table Abbreviations: C, carbon textile; S, normal-steel textile; TS, tight-weave-steel textile; 4 and 8, alkali-solution concentration groups in mol/L; 

kN, kilonewton.

The estimated relative peak differences range from 
approximately −1.6% to +3.3% (Table 1). For C-4 and S-4, 
the differences are smaller than one vertical pixel; near-zero 
percentages therefore do not imply high-precision validation. C-8 
and S-8 have positive peak differences, while TS-4 and TS-8 have 

negative differences. A single amplitude correction cannot account 
for all architectures. The numerical branches also fail to reproduce 
the full extent of the post-peak declines or local unloading in C-4, 
C-8 and S-8. Agreement near the peak thus leaves the softening 
mechanism unresolved.

Figure 2: Experimental reference and finite element load–elongation curves: (a) C-4; (b) S-4; (c) TS-4; (d) C-8; (e) S-8; (f) TS-8. The 
experimental reference is [11]; the finite element curves are the numerical results of this study. The curves use recovered graphical coordinates 
without smoothing.
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The structural reaction combines contributions from several 
local load-transfer paths and can mask trade-offs among slip, 
stress concentration and the spread of damaged regions. Different 
combinations of interface and matrix-softening parameters may 
give similar peaks but different post-peak paths. The force curves 
are therefore used to check the structural response. The field 
analysis adds constraints to the local interpretation; it does not 
provide an interchangeable form of validation.

Spatial non-uniformity of the PEEQ fields

Figure 3 compares the PEEQ fields for the three textiles in TR-
EGC and TRM. Carbon-textile TR-EGC has two concentrated regions 
of elevated values near the specimen centre. These regions are 
smaller in normal-steel TR-EGC, while tight-weave-steel TR-EGC 
has several separated central regions. Both the distributions and 
amplitudes change in the TRM counterparts. Because the panels 
use different scales, spatial patterns and numerical magnitudes 
must be assessed separately.

Figure 3: PEEQ fields from the simulations. Panels (a–c): carbon, normal-steel and tight-weave-steel TR-EGC. Each panel retains its own 
numerical colourbar and nodally averaged display. See ‘Constitutive meaning of the field outputs’ for the interpretation of PEEQ; these fields 
do not directly identify crack paths.
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Figure 3 (continued): Panels (d–f): carbon, normal-steel and tight-weave-steel TRM. Each panel retains its own numerical colourbar.

Table 2: Numerical colourbar extrema at the displayed output states.

System Textile PEEQ extremum DAMAGET extremum

TR-EGC C 3.495×10⁻⁴ 0.3752

TR-EGC S 3.394×10⁻⁵ 0.3709

TR-EGC TS 3.105×10⁻⁴ 0.3732

TRM C 4.303×10⁻⁴ —

TRM S 3.573×10⁻⁵ —

TRM TS 3.433×10⁻⁵ —

Values are read from the individual colourbars and are not extrema over complete loading histories. TRM DAMAGET fields are not supplied, and 
identical output states are not assumed.

Table Abbreviations: TR-EGC, textile-reinforced engineered geopolymer composite; TRM, textile-reinforced mortar; C, carbon textile; S, normal-steel 
textile; TS, tight-weave-steel textile; PEEQ, Abaqus equivalent plastic strain output identifier; DAMAGET, Abaqus tensile damage variable.

The colourbar readings set limits on amplitude comparisons. 
In TR-EGC, the displayed extrema for C, S and TS are 3.495×10⁻⁴, 
3.394×10⁻⁵ and 3.105×10⁻⁴, respectively. The normal-steel value 
is approximately one order of magnitude lower than the other 
two. Carbon and tight-weave steel have similar extrema but 

different spatial distributions. In TRM, the corresponding values 
are 4.303×10⁻⁴, 3.573×10⁻⁵ and 3.433×10⁻⁵. The TS amplitude 
changes substantially between the two matrices, but a quantitative 
link to matrix toughening requires comparison at aligned output 
states.
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These fields suggest that textile architecture and matrix 
response jointly affect the spatial constraints on local deformation. 
A denser grid may add transfer paths while increasing local 
constraint at crossings or clamping transitions. Greater spatial 
dispersion does not necessarily reduce the maximum value. Since 
the constitutive meaning of PEEQ depends on the material model, 
the distributions are interpreted as numerical evidence of local 
non-uniformity. They do not substitute for tensile plastic strain or 
crack opening.

Magnitude and position of tensile damage

Figure 4 shows DAMAGET for the three TR-EGC systems. 
The carbon-textile case has a broad central damaged region. The 
normal-steel and tight-weave-steel cases show more distinct 
upper and lower regions, with lower damage between them. These 
patterns describe the spatial shape of the displayed dt field. They 
neither identify a discrete crack surface nor establish that the band 
geometry persists throughout loading.

Figure 4: DAMAGET fields from the simulations: (a) carbon-textile TR-EGC; (b) normal-steel TR-EGC; (c) tight-weave-steel TR-EGC. The 
colourbars represent tensile damage at the displayed output states, not crack opening or dissipated energy.

The displayed DAMAGET extrema are 0.3752, 0.3709 and 
0.3732. Their absolute spread is 0.0043, approximately 1.2% of 
the smallest value. Architecture-dependent differences are clearer 
in the position and width of the damaged regions than in the 
maximum damage variable. Normal steel has the lowest extremum 
and tight-weave steel the intermediate value. This ranking and the 
damage-band geometry describe different aspects of the response. 
Assessing physical damage or dissipation capacity also requires 
aligned output states and spatial or history-dependent measures.

Relation between load capacity and local variables

Figures 2–4 address three distinct questions: how well the 
model reproduces the structural response, where non-uniform 
deformation concentrates, and whether the outputs establish a 
specific crack or interface-failure mechanism. The curves provide 
graphical evidence for structural agreement, while PEEQ and 
DAMAGET locate non-uniform material responses. Establishing 
the failure mechanism also requires crack-surface displacement, 
interface slip or crack-specific outputs. The results do not establish 
a monotonic relationship between higher load capacity and a 
smaller local output variable.

Mechanical interpretation and scope

Competition between textile bridging and interfacial slip offers 

a physical explanation for the differences between structural 
responses and local fields. Sufficient interface constraint transfers 
force to the textile after matrix cracking, but concentrated constraint 
can confine deformation to a short region. Multiple-fracture theory 
and interfacial fracture analysis relate transfer length, interface 
state and matrix fracture resistance [1,2]. The architecture-
dependent fields are consistent with this explanation, although the 
snapshots do not isolate each factor’s contribution.

Discretisation and output processing also affect comparisons 
of local variables. Quasi-brittle softening requires suitable energy 
regularisation and adequate resolution near cracks; XFEM retains 
both requirements [13,12]. The nodally averaged display in Figure 
3 means that the mesh and averaging procedure can influence both 
extrema and apparent band widths. The architecture comparisons 
are therefore confined to the calculations and output states shown. 
They do not establish a mesh-independent material law.

This assessment does not report mesh-refinement error, local-
field measures at a common displacement, or separate dissipation 
histories for matrix cracks and textile interfaces. Close peak loads 
are therefore insufficient to validate the crack-growth mechanism 
fully. A stronger test would align the loading state with crack-specific 
outputs and energy measures. Further contour plots for different 
architectures alone would not resolve the issue. This additional 
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evidence is needed to distinguish parameter non-uniqueness from 
a physical effect of textile architecture.

Conclusion

This study assessed structural load–elongation responses and 
local material outputs separately using an extended finite element 
and interfacial load-transfer description. Peak differences in the six 
plotted responses are a few percent, while post-peak discrepancies 
vary with textile architecture. Agreement near the peak constrains 
load capacity but does not uniquely identify the contributions of 
matrix softening, interface slip and crack growth.

PEEQ and DAMAGET describe different constitutive quantities. 
The displayed PEEQ extremum for normal-steel TR-EGC is 
approximately one order of magnitude below those for carbon and 
tight-weave steel. By comparison, the three DAMAGET extrema 
lie within 0.3709–0.3752. The evidence supports architecture-
dependent changes in the location and spatial organisation of 
localisation more directly than a universal performance ranking 
based on the maximum of a local output variable.

Structural agreement, material-point damage and discrete 
crack geometry each require distinct evidence. For textile-
reinforced quasi-brittle composites, loading states must be aligned 
and examined alongside crack, interface and energy outputs before 

differences in local fields can be attributed to a testable failure 
mechanism.

Data Availability

The experimental reference is the published study by Lam and 
co-workers [11]. The source archive contains the vector figures, 
recovered graphical coordinates, colourbar readings, plotting code 
and analysis script used in this manuscript. It does not include 
Abaqus input files or output databases. Recovered graphical 
coordinates reproduce the manuscript figures but do not replace 
experimental sampling records or finite element integration-point 
data.
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Appendix A: Stress definitions and supplementary responses

Textile material stress and composite nominal stress are defined using different cross-sectional areas in Eq. (A1). The supplementary 
response uses an effective normal-steel textile area of At=4.24 mm² and a gross S-4 specimen area of Ag=50 mm×10 mm=500 mm². For 
a shared force record, At/Ag=0.00848 converts algebraically between the stress definitions. This factor alone does not establish that two 
stress curves derive from the same force record.

		

Figure A1: Supplementary stress responses: (a) normal-steel textile material stress, normalised by 4.24 mm²; (b) S-4 composite 
nominal stress, normalised by 500 mm². S-1 to S-3 denote three specimen records. The panels use different physical definitions of stress.
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Figure A1 presents the textile response separately from the S-4 composite nominal-stress response. The two panels use different 
stress definitions, so their peak values are not directly comparable. Strain is the nominal strain reported in the supplied test record; 
the main-text model assessment consistently uses force and elongation. Classical multiple-fracture theory provides a physical basis for 
post-cracking bridging [1], but it is not used here to identify interface parameters independently.
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