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ABSTRACT    The retrofitting of ageing reinforced concrete (RC) structures typically relies on Near-Surface Mounted
(NSM)  strengthening  with  carbon  fiber  reinforced  polymers  (CFRPs),  which  provide  mechanical  enhancement  but  no
additional functionality. To address the growing demand for sustainable, multifunctional solutions, this work introduces a
sodium ion based solid-state structural battery that simultaneously serves as a strengthening and energy storage element
in NSM applications. The system combines a CFRP shell, providing strength and stiffness, with an embedded sodium-
based glass electrolyte exhibiting piezoelectric, pyroelectric and ferroelectric properties. Comprehensive mechanical and
electrical  characterisation  confirmed  the  multifunctionality  of  the  electrolyte,  while  pull-out  tests  on  concrete  blocks
demonstrated effective load transfer, bond behaviour, and failure modes under service conditions. The results validate the
dual  role  of  the  proposed  device,  providing  both  structural  reinforcement  and  energy  storage  capability,  with  added
potential for structural health monitoring through piezoelectric response. This approach offers a novel pathway towards
multifunctional retrofitting strategies for RC structures, integrating mechanical strengthening with energy harvesting and
storage.
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 1    Introduction

Achieving  sustainability  in  building  and  construction
requires innovative strategies that ensure safety, servicea-
bility,  and  extended  lifespan  of  structures  without
compromising  environmental  and  economic  viability.  In
recent  decades,  the  demand for  sustainable  solutions  has
become more  urgent  due  to  the  accelerated  deterioration
of ageing civil infrastructures. Reinforced concrete (RC),
one  of  the  most  widely  used  construction  materials,  is
particularly  susceptible  to  degradation  from  aggressive
environments,  corrosion  of  embedded  reinforcement,
increased  service  load  requirements,  and  design  or
construction deficiencies [1]. Bridges, parking structures,

offshore  platforms,  and  residential  and  commercial
buildings  worldwide  face  challenges  associated  with
reduced  performance,  raising  safety  concerns  and
imposing  significant  maintenance  costs  [2].  Consequent-
ly,  the  rehabilitation  and  strengthening  of  RC  structures
has emerged as a critical field of research and practice in
civil engineering.
Several  conventional  methods  exist  for  strengthening

RC  structures,  including  steel  or  concrete  jacketing,
external  post-tensioning,  externally  bonded  (EB)  steel
plates,  and  the  replacement  of  degraded  members  [3].
While effective in improving load-bearing capacity, these
techniques  present  notable  disadvantages.  Steel  and
concrete jacketing, for example, increase the dead load of
the structure, alter cross-sectional dimensions, and require
extensive construction time, which may interfere with the
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usability  of  the  structure  [4].  Similarly,  EB  steel  plates,
although relatively simple to apply, are prone to corrosion
and  debonding,  reducing  their  long-term  effectiveness
[5].  Such  limitations  underscore  the  need  for  alternative
strengthening  technologies  that  are  efficient,  durable,
lightweight,  and  compatible  with  the  principles  of
sustainable development.
Fiber reinforced polymers (FRPs) have emerged as one

of the most promising alternatives for the rehabilitation of
RC  structures  due  to  their  high  strength-to-weight  ratio,
excellent corrosion resistance, and ease of application [6].
Two major methodologies dominate FRP- strengthening:
the  EB  technique  and  the  near-surface  mounted  (NSM)
technique. The EB method, which involves bonding FRP
laminates to the surface of the concrete, has been widely
implemented  in  practice  due  to  its  simplicity.  However,
EB  systems  suffer  from  issues  such  as  premature
debonding,  poor  long-term  durability  when  exposed  to
environmental  agents,  and  possible  aesthetic  concerns  in
architectural  applications  [7].  The  NSM  technique,  by
contrast, involves cutting grooves into the concrete cover
and inserting FRP strips or rods, which are subsequently
bonded  with  adhesive  materials  [8].  This  approach  has
gained  popularity  in  recent  years  because  it  offers
improved bond performance, enhanced protection against
environmental  degradation,  and  minimal  interference
with  the  appearance  of  the  structure.  Moreover,  in  NSM
strengthening the reinforcement is better anchored within
the  concrete  section,  leading  to  improved  structural
efficiency  [9–11].  The  NSM  technique  has  therefore
become  a  focal  point  in  research  on  advanced  RC
strengthening strategies.
Parallel  to  advances  in  structural  engineering,  recent

years have seen a growing emphasis on multifunctionality
in  materials  science.  Multifunctionality  refers  to  the
integration  of  multiple  roles  within  a  single  material  or
component,  thereby  optimizing  resource  use  and
contributing to sustainability [12]. One promising area of
multifunctionality  is  the  development  of  structural
batteries,  which  combine  load-bearing  capacity  with
electrochemical energy storage [13–15].
Structural  batteries can be classified into two principal

approaches[16]. The first approach develops materials or
components  that  inherently  provide  both  structural  and
electrochemical  functions,  thus  reducing  weight  and
volume. The second approach treats the structural battery
as  a  hybrid  system,  where  the  outer  casing  bears  the
mechanical  load  while  the  embedded  electrochemical
system  primarily  serves  as  the  energy  storage  medium
[14].  Furthermore,  designs can be categorized at  the cell
level,  in  which  battery  cells  are  sandwiched  between
reinforcing  layers,  or  at  the  material  level,  where  truly
multifunctional  components  simultaneously  serve  as
structural  elements  and  active  battery  components
[17–19].

Most  research  on  structural  batteries  has  focused  on
lithium-ion batteries  (LIBs),  given their  high energy and
power  density,  excellent  cycling  stability,  and  well-
established  technology  base.  However,  LIB-based
structural systems face critical challenges when applied in
civil  engineering  contexts.  Safety  issues  arise  from  the
flammable  liquid  electrolytes,  which  pose  risks  under
mechanical stress or impact loading. In addition, repeated
lithiation  and  delithiation  cycles  degrade  carbon  fiber  or
graphite  electrodes,  potentially  compromising  structural
integrity  [20].  The limited operational  temperature  range
of LIBs further restricts their application in infrastructure,
which  is  often  subjected  to  harsh  environmental  condi-
tions.  High  material  costs  and  the  need  for  sophisticated
battery  management  systems  also  hinder  widespread
adoption  of  LIB-based  multifunctional  systems  in  large-
scale structural applications. Furthermore, civil structures
must  last  decades,  while  LIBs  degrade  after10–15  years
or  even  faster  under  extreme  conditions:  humidity,
temperature cycles, and vibrations drastically reduce LIB
lifespan.
To  overcome  the  limitations  of  LIBs,  research  has

increasingly turned to all-solid-state electrolytes (ASSBs),
particularly  lithium-  and  sodium-rich  anti-perovskite
systems.  ASSBs  are  generally  non-flammable  and  more
stable  under  mechanical  stress,  making  them  inherently
safer  in  long-term  structural  applications.  ASSBs  are
more  resistant  to  mechanical  abuse,  with  ASSBs
potentially  offering  structural  reinforcement  rather  than
weakening  under  stress.  Also,  ASSBs  promise  longer
lifespans  and  better  tolerance  to  temperature  variations,
though  real-world  data  is  still  emerging,  which  makes
them  more  compatible  with  the  multi-decade  require-
ments of civil infrastructure.
Among  SSBs  technologies,  sodium-based  glass

electrolytes (Na+-glass batteries) are especially promising
for  structural  battery  applications.  Such  electrolytes
exhibit  ferroelectric  behaviour,  and,  therefore,  piezoelec-
tric  and  pyroelectric  properties,  enabling  multifunctional
roles  beyond  simple  energy  storage  [21].  Recent  studies
have  reported  their  potential  use  as  strain  sensors  and
dynamic vibration sensors, where the generated electrical
signal  under  mechanical  excitation  could  provide
information  for  structural  health  monitoring  [22].
Moreover,  sodium  is  not  only  far  more  abundant  and
cost-effective  than  lithium,  but  also  significantly  more
environmentally benign.
Despite  these  advantages,  several  hurdles  remain  for

the  widespread  use  of  ASSBs  in  multifunctional
applications.  These  include  challenges  associated  with
electrochemical  stability,  interfacial  resistance,  physical
contact  between  solid  particles,  and  large-scale  manu-
facturing  [23].  Nonetheless,  sodium-based  glass  electro-
lytes  offer  a  pathway  towards  safer  and  more  versatile
structural  batteries  with  integrated  sensing  and  energy
harvesting functionalities.
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While  significant  research  has  been  conducted  on
structural  batteries  in  aerospace  and  automotive
applications [19,24], their potential for civil infrastructure
remains  largely  unexplored.  At  the  same  time,  the
rehabilitation  of  RC  structures  demands  innovative
solutions  that  are  not  only  structurally  effective  but  also
contribute to broader sustainability goals. The integration
of  multifunctional  structural  batteries  into  RC  streng-
thening systems provides a unique opportunity to address
both  challenges  simultaneously.  Combining  a  carbon
fiber  reinforced  polymer  (CFRP)  shell  with  a  sodium-
based  solid-state  electrolyte  offers  a  dual-function
system:  the  CFRP  provides  the  necessary  stiffness  and
strength  for  NSM  reinforcement,  while  the  embedded
electrolyte  enables  energy  storage,  harvesting,  and
sensing  functionalities.  Preliminary  studies  have  demon-
strated  the  electrochemical  performance  and  multifunc-
tional  behaviour  of  sodium  ion  based  glass  electrolytes
[25],  but  their  application  within  RC  strengthening
systems has not yet been investigated.
In  this  context,  the  present  work  introduces  a  novel

structural  battery  concept  for  the  NSM  strengthening  of
RC elements. The system integrates a CFRP shell, which
provides  stiffness  and  mechanical  reinforcement,  with  a
sodium  ion  solid-state  glass  electrolyte,  which  enables
energy  storage  and  electromechanical  sensing.  The
objective  is  to  develop  and  characterize  this  multifunc-
tional  reinforcement,  assessing  its  structural,  electroche-
mical,  and  sensing  performance  when  applied  to  RC
elements.
The  paper  is  organised  as  follows.  Section  2  presents

the  functional  requirements,  design  rationale,  material
selection,  and  manufacturing  process  of  the  structural
battery. Section 3 describes the experimental programme,
including  electrical  monitoring,  mechanical  testing  of
standalone  batteries,  pull-out  testing  of  batteries  embed-
ded in concrete blocks,  and X-ray computed tomography
(CT)  inspection.  Section  4  reports  and  discusses  the
results  of  these  investigations,  while  Section  5
summarises the main conclusions and outlines directions
for future research.

 

2    Design and development of the
structural battery

 2.1    Functional requirements

The  structural  battery  developed  in  this  work  derives
from the coaxial cell architecture proposed by Danzi et al.
[25].  In  that  design,  an  aluminium  rod  serves  as  the
cathode  current  collector,  a  sodium-based  solid  electro-
lyte  (Na2.99Ba0.005OCl)  provides  ionic  conduction  [26],
and a copper foil functions as the anode current collector,
all  encapsulated  within  a  CFRP  shell  that  supplies  the

mechanical  load-bearing  capacity.  Building  upon  this
concept,  the  present  study  adapts  the  coaxial  battery
configuration for application in RC strengthening through
the  NSM technique.  To  this  end,  a  set  of  functional  and
geometrical  requirements  was  established  to  ensure  that
the  proposed  design  satisfies  both  structural  and
electrochemical performance criteria.
1)  The  reinforcement  geometry  must  provide  a  cavity

or  inner  volume  suitable  for  the  integration  of  the  all-
solid-state  electrolyte,  ensuring  both  containment  and
mechanical stability.
2)  The  system should  enable  potential  flexural  streng-

thening,  contingent  on  adequate  bond,  as  inferred  from
pull-out  tests  comparable  to  conventional  NSM  systems
[8],  while  limiting  the  added  cross-sectional  area  (direct
flexural performance was not assessed in this study).
3)  The  reinforcement  dimensions  must  conform  to

groove  size  limitations  and  construction  tolerances.
Following  detailing  guidance  in  fib  Bulletin  90  [27,28],
the  minimum groove  width  and  depth  should  be  at  least
1.5  times  the  bar  diameter,  ensuring  adequate  adhesive
cover for effective bond transfer and to mitigate splitting
failures.
4)  The  external  geometry  of  the  reinforcement  must

promote  effective  adhesion  to  the  concrete  substrate,
allowing reliable load transfer along the bonded length.
5)  The  geometry  and  composite  shell  must  shield  the

embedded electrolyte from environmental exposure (e.g.,
moisture,  temperature  variation,  carbonation,  chloride
ingress), preserving long-term multifunctionality.
6)  The  reinforcement  should  employ  simple  and

repeatable  geometries  that  can  be  fabricated  at  scale
without specialised tooling.
Within  this  framework,  two  reinforcement  strategies

were considered: 1) unidirectional (UD) and 2) angle-ply
(AP) fiber arrangements. In the UD strategy, the majority
of  fibers  are  aligned  with  the  tensile  stresses  in  flexural
members,  thereby  maximising  stiffness  and  strength  in
the principal loading direction. To ensure stability of the
shell,  a  limited  number  of  transverse  plies  are  incorpo-
rated  to  resist  hoop  stresses  and  maintain  dimensional
integrity.  This  strategy  reflects  conventional  strengthe-
ning design in  RC.  In  AP strategy,  fibers  are  oriented at
± 45° enabling the scissoring effect, whereby fibers rotate
under axial strain, generating in-plane shear deformation.
This mechanism introduces pseudo-ductility, producing a
nonlinear  stress–strain  response  with  enhanced  energy
absorption  and  delayed  catastrophic  failure.  Such  beha-
vior  is  advantageous  for  civil  infrastructure  applications,
as  it  reduces  the  risk  of  sudden  brittle  fracture  and
promotes more damage-tolerant failure modes. However,
because  the  fibers  are  not  aligned  with  the  principal
flexural  stresses,  their  maximum  potential  in  carrying
loads  along  the  reinforcement  direction  is  not  fully
exploited.
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 2.2    Constituent materials and specimen configuration

The  conceptual  design  strategies  described  above  were
translated into test specimens made of commercial carbon
fiber  prepregs.  Two  types  of  CFRP  shells  were  manu-
factured.
1) UD shells were fabricated from XC130-C12UD-300

prepreg,  a  300  g/m2  unidirectional  carbon  fiber  material
impregnated  with  the  XPREG®  XC130  epoxy  resin
system.  A stacking  sequence  of  [02,902,02]  was  adopted,
which  provided  longitudinal  stiffness  in  the  principal
loading direction while also including transverse plies to
resist  hoop  stresses.  The  resulting  shells  exhibited  an
outer  diameter  of  15.6  mm  and  a  wall  thickness  of  1.8
mm.
2) AP shells were manufactured using XC130-1232T2-

450 (1250) prepreg, a 450 g/m2 2 × 2 twill weave carbon
fiber  system  based  on  high-strength  TR50S  12k  fibers.
The stacking sequence [±45°]6 was employed to promote
the  scissoring  mechanism  associated  with  pseudo-
ductility. This configuration yielded an outer diameter of
15.6  mm  and  a  wall  thickness  of  1.8  mm.  Table 1
summarises  the  key  material  properties  and  configura-
tions of the two CFRP shell types.
  
Table 1    CFRP shell materials and configuration
Property UD Laminate AP Laminate

Fiber orientation [02/902/02] [±45°]6

Fiber areal weight (g/m2) 300 450
Fiber type Carbon Carbon

Prepreg type XC130-C12UD-300 XC130-1232T2-
450 (1250)

Shell outer diameter (mm) 15.6 15.6

Shell wall thickness (mm) 1.8 1.8

 
Both  CFRP  shells  were  designed  with  a  fixed  outer

diameter  of  15.6  mm  and  a  length  of  520  mm.  The
electrochemical functionality of the structural battery was
realised through the integration of 0.025 mm copper foil,
an aluminium rod with a  diameter  of  3.8  mm positioned
at the centre of the cavity, and the sodium ion based all-
solid-state glass electrolyte [26], which filled the internal
cavity  between  the  two  current  collectors.  The  active
cavity filled with electrolyte was deliberately restricted to
100 mm in length, positioned at the midspan of the CFRP
shell,  corresponding  to  the  region  required  for  electrical
and mechanical measurements.
Finally,  three  specimen  families  were  produced:  1)

CFRP  shells  (UD  and  AP)  co-cured  with  copper  foil,
manufactured as control specimens for purely mechanical
tensile testing; 2) CFRP shells (UD) co-cured with copper
foil  and  filled  with  resin  for  purely  mechanical  pull-out
testing;  3)  full  structural  batteries  (UD  and  AP),
consisting of the CFRP shell, copper foil, aluminium rod,
and  all-solid-state  electrolyte,  designed  to  investigate

multifunctional behaviour.

 2.3    Manufacturing of the test specimens

The CFRP shells were fabricated by layup of prepregs on
a  cylindrical  steel  mould  with  a  diameter  of  12  mm,
finished to h6 tolerance. Care was taken to avoid prepreg
gaps  or  overlaps,  particularly  for  the  [02,902,02]
unidirectional  configuration.  For  the  [±45°]6  laminates,
rectangular  prepreg  sheets  were  cut  from  right-angled
triangles to achieve the required ±45° fiber orientation.
First,  a  release film was wrapped around the mould to

facilitate demoulding. A 0.025 mm thick copper foil was
placed  between  the  CFRP  and  the  release  film  wrapped
on the steel mould, serving as the anode current collector,
and  was  co-cured  with  the  laminate  to  ensure  good
bonding and electrical integration. Finally, a peel ply was
applied around the prepregs to ensure surface quality and
remove excess resin. A strip of tape was added to the peel
ply  to  serve  as  an  initiator  for  removal  after  curing.  The
assembly  was  sealed  with  thermo-retractile  flex  tape,
which  contracted  during  heating  and  provided  compac-
tion pressure on the laminate.
The curing cycle consisted of an initial heating ramp at

3 °C/min up to 120 °C, held for 70 min, and then natural
cooling in the furnace. After curing, the CFRP tubes were
cut  to  the  520  mm  length,  and  the  peel  ply  was  left  in
place to protect the surface.
The  solid-state  electrolyte  and  aluminium  rod  were

introduced  in  a  subsequent  stage.  The  electrolyte  was
packed  into  the  CFRP  cavity  using  a  concentric
cylindrical tube to ensure compaction. The aluminium rod
was fixed with cylindrical stoppers at both ends, with the
upper  stopper  allowing  the  rod  to  protrude.  Finally,  the
assembled  batteries  were  placed  in  a  vacuum  oven  at
50  °C  for  1  h  to  remove  residual  humidity  and
subsequently  sealed  with  epoxy  resin  to  prevent
environmental  ingress.  Since  the  electrolyte  region  was
positioned  at  midspan,  the  remaining  hollow  sections
were  filled  with  SikaBiresin  CR75  (resin)  and  CH75
(hardener)  mixed  at  100:40,  as  recommended  by  the
manufacturer [29].

 

3    Experimental programme

A  comprehensive  experimental  programme  was  carried
out to characterise the multifunctional performance of the
developed  structural  batteries.  The  campaign  comprised
three  complementary  lines  of  investigation,  each
described in the following subsections.
Electrical  monitoring  (Subsection  3.1):  A  dedicated

system  was  developed  to  acquire  voltage  and  current
during  discharge  at  room  and  elevated  temperatures.
These  tests  provided  insight  into  the  electrochemical
behaviour of the batteries and enabled evaluation of their
pyroelectric response under thermal variation.
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Mechanical  testing:  The  structural  role  of  the  batteries
was  assessed  through:  (i)  quasi-static  tensile  tests
(Subsection  3.2)  and  (ii)  constant-load  tensile  tests  on
individual batteries (Subsection 3.3), and (iii) quasi-static
and  (iv)  constant-load  pull-out  tests  on  batteries
embedded  in  concrete  blocks  (Subsections  3.4  and  3.5,
respectively).  Tensile  testing  characterised  the  stiffness
and  strength  of  the  battery  alone,  while  constant-load
tests  were  combined  with  electrical  monitoring  to
evaluate  piezoelectric  effects  under  sustained  loading.
Pull-out  testing  enabled  assessment  of  bond  behaviour,
failure modes, and load–slip response, with constant-load
pull-out tests performed at service-level conditions (30%
of  the  mean  ultimate  load)  to  examine  the  coupled
electrical response during realistic structural operation. In
the  following,  the  tested  specimens  are  identified  using
the  format X–Y–Z,  where X  refers  to  the  specimen  type
(SHR  for  CFRP  shell  filled  with  resin  and  SHB  for
structural battery), Y denotes the fiber orientation (UD for
unidirectional laminates and AP for angle-ply laminates),
and Z represents the order of repetitive similar tests (1, 2,
3, 4).
Internal  inspection  (Subsection  3.6):  Given  the

handmade nature of the specimens, X-ray CT was used to
visually  inspect  the  compactness  and  distribution  of  the
electrolyte  within  the  CFRP  cavity,  providing  valuable
information on manufacturing quality.

 3.1    Electrical monitoring

Electrical  testing  commenced  with  cyclic  charge–
discharge  operations  to  polarize  the  structural  battery.
Each cycle consisted of charging at a constant voltage of
1.5 V for one minute, followed by a one-minute discharge
through  an  external  10  kΩ  resistor.  After  four  such
cycles,  the  battery  was  charged  for  30  min  at  1.5  V  to
establish  a  stable  discharge  voltage  plateau.  Once  this

plateau  was  achieved,  mechanical  loading  was  applied.
The transitions between charging and discharging phases
were  controlled  automatically  using  a  digital  relay
module.
During  each  charge–discharge  cycle,  the  battery’s

electrical  characteristics  (voltage  and  current)  were
monitored  alongside  ambient  temperature,  given  its
significant  impact  on  electrochemical  performance.  The
complete  experimental  setup,  illustrated  in  Fig. 1,
comprised  an  Arduino  Uno  R3  microcontroller,  sensors
for  electrical  and  thermal  measurements,  a  dedicated
temperature  sensor,  an  external  resistor,  charging  and
discharging  components,  and  a  software  framework  for
data acquisition and analysis.
High-precision  sensors  were  used  to  monitor  both

electrical  and  thermal  parameters.  An  INA219  current/
voltage  sensor  provided  voltage  measurements  with  a
resolution  of  6.1  mV  and  current  measurements  with  a
resolution of 0.1 mA, transmitting data to the Arduino via
I2C  communication.  To  enhance  accuracy  during  low-
current  discharge,  an  N-Fuse  tiny  Current  sensor  was
incorporated,  converting  current  into  an  analog  voltage
signal with a precision of 4.88 µA. Ambient temperature
was recorded using an LM35DT sensor, which outputs a
voltage  proportional  to  temperature  with  an  accuracy  of
±0.5 °C.
A  commercial  DC  power  supply  was  used  to  provide

constant voltage charging at 1.5 V, while discharging was
performed  through  a  10  kΩ  external  resistor.  The
transition  between  charging  and  discharging  phases  was
managed  by  a  digital  relay  module,  triggered  by  the
microcontroller  based  on  predefined  time  intervals  or
voltage thresholds.
Data  acquisition  and  analysis  followed  a  three-tier

workflow.  First,  the  Arduino  board  was  programmed  to
execute  cycles  every  two  seconds,  acquiring  sensor  data
and  transmitting  it  via  the  serial  port.  The  program  also

 

 
Fig. 1    Electrical test setup.
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controlled the relay module, initiating discharge once the
specified  charging  condition  was  satisfied.  Second,
Simulink  was  employed  for  real-time  data  reception,
conversion,  and  visualization.  Finally,  all  data  were
transferred  to  MATLAB  for  post-processing,  where
scripts compiled the results, generated plots, and exported
the processed datasets.

 3.2    Quasi-static tensile tests on individual batteries

Quasi-static  tensile  testing  was  performed  to  determine
the mechanical properties of the structural batteries. Tests
followed  ISO  10406-1  [30]  with  a  displacement  rate  of
0.016  mm/s  and  data  acquisition  interval  of  1  Hz.
Specimens  SHB-UD  and  SHB-AP  were  tested  using  a
600 kN Universal Hydraulic Testing Machine.
To grip the specimen and prevent local crushing of the

CFRP tubes, steel caps of length 150 mm were bonded to
both  ends,  resulting  in  a  gauge  length  of  220  mm.  The
caps  had  an  outer  diameter  of  30  mm  and  an  inner
diameter of 20 mm. Four strain gauges were mounted in
both hoop and axial  directions along the gauge length to
monitor deformation. The test specimen and experimental
setup are shown in Fig. 2.

 3.3    Constant load tests on individual batteries

Constant-load  tensile  tests  were  conducted  on  SHB-UD
and SHB-AP specimens to evaluate the coupling between
mechanical loading and electrical response, validating the

piezoelectric behaviour of the structural battery.
Electrical  connections  were  established  by  soldering

wires to the copper and aluminium electrodes. Steel caps
were  bonded  at  both  ends  and  threaded  externally  for
mounting  in  the  constant-load  frame.  Both  electrical
(voltage,  current,  temperature)  and  mechanical  (strain)
data  were  recorded.  Three  axial  strain  gauges  were
installed  at  the  top,  center,  and  bottom  of  the  gauge
length, with the outer gauges 50 mm from each end. Cork
foil  was  wrapped  around  the  specimens  to  isolate  the
electrolyte  from environmental  moisture  and  to  suppress
pyroelectric interference.
The testing procedure was divided into three stages.
1)  Cyclic  charging/discharging.  Four  cycles  of  1  min

charging at 1.5 V followed by 1 min discharging through
a  10  kΩ  resistor,  with  2  s  acquisition  interval;  no  me-
chanical load applied.
2)  Constant-voltage  charging.  A  30  min  charging  at

1.5 V to stabilize the voltage plateau; no mechanical load
applied.
3) Mechanical loading. An instantaneous stepwise app-

lication  of  constant  tensile  load;  the  resulting  electrical
response was monitored.
The constant-load test specimen and experimental setup

are presented in Fig. 3.

 3.4    Quasi-static pull-out tests on batteries embedded in
concrete blocks

Pull-out  tests  were  conducted  to  evaluate  the  bond
 

 
Fig. 2    Experimental configuration for the tensile tests: (a) specimen geometry and instrumentation; (b) tensile test setup.
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behaviour  of  the  structural  batteries  when  applied  to
concrete  using  the  NSM  technique.  Ready-mix  concrete
with  a  compressive  strength  of  37.9  MPa  and  an  elastic
modulus  of  27.3  GPa  (characterised  from  150  mm  ×
300 mm cylindrical specimens according to UNE 12390-3
[31] and ASTM C469/C469M-10 [32]) was used.
For  the  pull-out  tests,  200  mm  ×  200  mm  ×  400  mm

concrete  blocks  were  prepared.  Grooves  measuring
21  mm  ×  21  mm  ×  400  mm  were  machined  into  the
blocks,  and  structural  batteries  (SHB-UD  &  SHR-UD)
were  bonded  using  S&P  Resin  220  HP  epoxy  adhesive,
mixed at a 2:1 resin-to-hardener ratio and cured for seven
days  [29].  The  bonded length  was  set  to  220 mm, while
the  free  end  of  the  CFRP  was  kept  with  a  constant
unbonded  length  of  50  mm  across  all  specimens
(Fig. 4(a)).  The  specimens  were  tested  under  displace-
ment-controlled  conditions  using  an  electromechanical

testing  machine,  at  a  loading  rate  of  0.2  mm/min.  The
corresponding load–slip responses were recorded for each
test.  A  linear  variable  differential  transformer  (LVDT)
was employed to measure the relative displacement (slip)
between the CFRP shell  and the concrete substrate,  with
data  sampled  at  a  frequency  of  1  Hz.  The  quasi-static
pull-out test specimen and experimental setup are shown
in Fig. 4.

 3.5    Constant load pull-out tests on batteries embedded in
concrete blocks

Constant-load  pull-out  tests  (SHB-UD)  were  performed
to  assess  the  coupled  electro-mechanical  response  of  the
structural  batteries  under  service-level  conditions.  The
same 200 mm × 200 mm × 400 mm concrete blocks with
21  mm  ×  21  mm  ×  400  mm  grooves  and  bonding

 

 
Fig. 3    Constant-load  testing  configuration  of  the  structural  battery:  (a)  test  specimen  and  loading  arrangement;  (b)  schematic  of  the
experimental setup.

 

 
Fig. 4    Pull-out  testing  configuration  of  the  structural  battery  embedded  in  concrete:  (a)  specimen  geometry  and  bonded  region;
(b) experimental test setup.
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procedure described for the quasi-static tests (Section 3.4)
were used.
The tests were conducted at 30% of the mean ultimate

load  obtained  from  the  quasi-static  pull-out  tests.  Seven
strain gauges were installed along the bonded length prior
to  batteries  embedding,  enabling  detailed  monitoring  of
the strain distribution along the battery length during the
test.  Testing was carried out  in  a  single-shear  configura-
tion with upper confinement by a steel plate (Fig. 4). Slip
at  the  loaded  end  was  measured  using  a  5  mm  gauge-
length LVDT, sampled at 1 Hz.
Specimens  were  loaded  under  displacement  control

(0.2 mm/min) until reaching the plateau load, held for 10
minutes,  and  then  unloaded  at  the  same  rate.  Electrical
characteristics  were  recorded  continuously  during
loading, holding, and unloading.

 3.6    X-ray computed tomography inspection

Due to the physical constraints of the tomography setup,
the  hollow  CFRP  shells  were  sectioned  to  allow
inspection of the electrolyte-filled region. The scans were
performed  using  a  micro-computed  tomography  (µ-CT)

system equipped with a Hamamatsu L10101 X-ray source
(maximum  power  20  W,  5  µm  focal  spot)  and  a
Hamamatsu  C7942CA-22  high-resolution  flat-panel
detector  (2400 × 2400 pixel  CMOS sensor,  50 µm pixel
size,  120  mm  ×  120  mm  active  area).  Scanning  was
conducted at 55 kV and 110 µA with an exposure time of
1.5  s  per  projection.  A  total  of  1500  projections  were
acquired,  each  with  three  integrations,  yielding  a  voxel
size of 25.059 µm and a field of view of 56.132 mm. The
source-to-detector  distance  (SDD)  was  225.470  mm,
while  the  source-to-object  distance  (SOD)  was  113  mm.
The  acquired  data  were  reconstructed  using  X-AID
software  and  subsequently  post-processed  with  ImageJ
for image enhancement and analysis.

 

4    Results

This  section  presents  the  results  of  the  experimental
campaign,  structured  into  four  main  parts:  electrical
behaviour  of  the  structural  battery  (Subsection  4.1),
mechanical  characterisation  of  the  CFRP  shells  and
multifunctional response under constant load (Subsection

 

 
Fig. 5    Test specimen SHB-UD-1: (a) voltage discharge at  room temperature; (b) voltage discharge at  40 °C; (c) voltage discharge with
current; (d) current curve as temperature gradually falls from 40 to 26.6 °C.
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4.2),  and  bond  behaviour  in  RC  elements  assessed
through pull-out tests (Subsection 4.3), internal inspection
of manufactured specimens (Subsection 4.4).

 4.1    Electrical characteristics

The electrical monitoring system was employed to record
voltage–time  discharge  curves  for  the  SHB-UD-1
specimen  at  both  room  temperature  and  an  elevated
temperature of 40 °C. At room temperature, the discharge
curves  exhibited  a  pronounced  initial  voltage  drop,
attributed  to  the  cell’s  internal  resistance  (Fig. 5(a)).  At
40  °C,  this  drop  was  less  pronounced  (Fig. 5(b)),
confirming  the  reduction  of  internal  resistance  with
increasing temperature.
The  combined  voltage–current  response  during

discharge  is  presented  in  Fig. 5(c),  where  the  stepwise
variations  in  current  correspond  to  charge–discharge
cycles and reflect the system’s electrochemical dynamics.
Extended  discharge  tests  further  revealed  voltage
fluctuations  associated  with  day–night  ambient  tempera-
ture variations, reinforcing the temperature dependence of
internal resistance.

Finally,  when  the  battery  was  charged  at  1.5  V  and
maintained  at  40  °C  using  heating  tape,  subsequent
cooling  from  40  to  26.6  °C  produced  a  progressive
current  decrease  under  constant  voltage  (Fig. 5(d)),
consistent  with  the  increase  in  resistance  at  lower
temperatures.  These  results  highlight  the  pyroelectric
effect of the sodium-based electrolyte and underscore the
pronounced  thermal  sensitivity  of  structural  battery
performance.

 4.2    Mechanical characteristics

 4.2.1    Tensile properties of CFRP shells

Quasi-static  tensile  tests  were  performed  on  structural
batteries  with  unidirectional  (UD)  and  angle-ply  (AP,
[±45]6)  laminates.  The  stress–strain  curves  and  failure
modes are shown in Fig. 6.
UD  laminates.  A  maximum  load  of  149.03  kN  was

recorded  for  the  SHB-UD-02  specimen  prior  to  rupture,
corresponding  to  an  ultimate  tensile  strength  of  1989.7
MPa. The measured modulus of elasticity was 115.8 GPa
with a low Poisson’s ratio of 0.07,  validated analytically

 

 
Fig. 6    Stress-strain curves and failure modes: (a) stress vs axial strain for SHB-UD-2 test specimen; (b) failure mode for the SHB-UD-02
specimen; (c) stress vs strain for SHB-AP-1 test specimen; (d) failure mode for the same.
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and  via  strain  gauge  measurements.  Failure  was
characterised  by  brittle  fiber  breakage  in  the  0°  plies
(Figs. 6(a) and 6(b)).
AP  laminates.  A  maximum  load  of  17.58  kN  was

recorded  for  the  SHB-AP-1  specimen,  with  an  ultimate
tensile  strength  of  200  MPa  and  a  modulus  of  15  GPa.
Failure  initiated  near  the  resin–electrolyte  interface
(Figs. 6(c) and 6(d)).
Compared  to  UD  specimens,  AP  laminates  sustained

only 11.8% of  the load and were almost  eight  times less
stiff,  but  their  failure  was  gradual  and  non-explosive,  a
desirable  feature  for  structural  applications  where  brittle
fracture must be avoided.

 4.2.2    Piezoelectric response under constant load

Constant-load tensile  tests  were  conducted to  investigate
the electromechanical  coupling of  the structural  batteries
and  to  validate  the  piezoelectric  response  of  the  sodium
ion  based  electrolyte.  The  procedure  followed  the  three
stages described in Subsection 3.3.
1)  Cyclic  charging/discharging.  Four  cycles  of  1  min

charging at 1.5 V followed by 1 min discharging through
a  10  kΩ  resistor  were  performed.  The  voltage  response
showed the expected periodic rise and fall,  while current
displayed  corresponding  polarity  changes  (Fig. 7(a)).
Minor  fluctuations  in  current  readings  were  attributed  to
sensor resolution.
2)  Constant  charging.  A  30-min  charging  phase  at

1.5  V  was  applied  to  establish  a  stable  plateau  before
loading (Fig. 7(b)).
3)  Mechanical  loading.  Stepwise  tensile  loading  was

applied,  and  the  corresponding  voltage  variation  was
recorded.
For  UD  specimens  (SHB-UD-1),  mechanical  loading

produced a clear drop in potential from 0.704 to 0.685 V
(Fig. 8(a)).  Unloading  resulted  in  partial  recovery,
although  the  initial  level  was  not  fully  regained,  likely

due  to  strain-induced  changes  in  ion  diffusion  or
electrode  damage.  With  applied  mechanical  strain  in  the
longitudinal  direction,  the  effect  was  more  pronounced,
with  no  plateau  reached  before  loading  (Fig. 8(b)).
Comparison  with  strain  gauge  measurements  confirmed
the  correlation  between  mechanical  strain  and  voltage
variation (Fig. 8(c)).
For AP specimens (SHB-AP-2), the opposite trend was

observed: an increase in potential  under loading (Fig. 9).
This  behaviour  is  attributed  to  the  high  apparent
Poisson’s  ratio  (≈  0.7)  of  the  angle-ply  configuration,
which arises from fiber rotation under axial loading. The
associated  transverse  contraction  induces  radial  compre-
ssion  of  the  embedded  electrolyte,  thereby  enhancing
dipole polarisation and increasing the observed potential.
The  specimen  attained  higher  plateau  voltages  until
eventual failure.  These results  confirm that  the structural
battery can act as a strain-sensitive element, with laminate
architecture  strongly  influencing  the  sign  and  magnitude
of  the  piezoelectric  response:  UD  laminates  exhibit
voltage  drops  under  load,  while  AP  laminates  show
voltage increases.

 4.3    Bond behaviour from pull-out tests

Pull-out tests were conducted to evaluate the performance
of structural batteries as NSM reinforcements in concrete
blocks.  In  quasi-static  pull-out  tests,  a  CFRP  tube  filled
with resin (used to minimize the Poisson effect associated
with  its  hollow  section)  reached  an  ultimate  load  of
63.0 kN at a slip of 1.134 mm, failing within the concrete,
whereas a structural-battery specimen reached 73.3 kN at
0.968 mm slip (Fig. 10). The observed load–slip response
and  concrete-governed  failure  mode  are  consistent  with
established  NSM  pull-out  behavior  reported  in  the
literature  for  single-shear,  and  the  measured  capacities
fall  within  typical  ranges  documented  for  NSM  CFRP–
concrete joints [33,34].

 

 
Fig. 7    Electrochemical response of the SHB-UD-1 specimen: (a) charge–discharge cycles; (b) constant-voltage charging at 1.5 V.
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Based on the mean maximum load on quasi-static pull-
out  test,  the  constant  load  to  be  applied  to  constant-load
pull-out  tests  was  determined  as  21.5  kN (30%  of  mean
maximum  quasi-static  load).  For  specimen  SHB-UD-4,
the  electrical  response  remained  stable  under  service-
level  constant  loading  (Fig. 11(a)),  while  strain  gauge
measurements  revealed  a  non-uniform strain  distribution
along  the  bonded  length,  indicating  force  transfer  from

the  reinforcement  to  the  concrete  (Fig. 11(b)).  The
unaltered voltage can be explained by the localized strain
near  the  loaded  end,  which  did  not  extend  over  the  full
effective  bond  length  and  therefore  did  not  affect  the
entire active region of the structural battery.

 4.4    Internal inspection by X-ray computed tomography

X-ray  CT  was  employed  to  examine  the  internal  quality
of  the  structural  batteries  (SHB-UD-5),  with  particular
focus on the electrolyte region. The reconstructed images
(Fig. 12)  show distinct  material  phases:  voids  within  the
electrolyte  appear  as  dark  regions,  the  aluminium rod  as
light grey, and the electrolyte matrix as darker grey tones.
Several manufacturing-induced defects were identified.

Numerous  voids  were  detected  in  the  electrolyte,  which
could influence internal resistance, while a thin layer was
observed  around  the  aluminium  rod,  possibly  associated
with  sodium metal  plating  while  charging.  Despite  these
imperfections,  the  specimen  maintained  an  open-circuit
voltage  (OCV)  of  1.1  V,  demonstrating  functional
integrity.  The  influence  of  these  defects  on  electroche-
mical  performance  was  not  explored  in  this  study  but

 

 
Fig. 8    Constant  load  curves  for  SHB-UD-1  test  specimen:  (a)  voltage  discharge  over  time;  (b)  mechanical  loading  during  voltage
discharge; (c) battery response with strain sensor comparison.

 

 
Fig. 9    Constant load test on SHB-AP-2 battery specimen.
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highlights  the  importance  of  quality  control  in  future
work.

 

5    Conclusions

This  work  presented  a  novel  application  of  sodium  ion
based all-solid-state structural batteries as multifunctional
reinforcement elements for concrete structures. The study
covered  battery  development,  electrical  monitoring,
mechanical  and  electrochemical  characterization,  and
integration  into  RC  through  NSM  strengthening.  The
main conclusions are as follows.
1) The structural batteries demonstrated both pyroelec-

tric  and  piezoelectric  behaviour.  Temperature  variations
modified  internal  resistance  and  current  flow,  while
mechanical loading induced measurable voltage changes.
The response was highly dependent on laminate architec-
ture:  unidirectional  laminates  exhibited  voltage  drops
under  load,  whereas  angle-ply  laminates  showed voltage
increases.

 

 
Fig. 10    Pull-out response and failure modes: (a) load–slip curves for CFRP tube SHR-UD-1 and SHB-UD-3 structural battery; (b) CFRP
tube failure; (c) structural battery failure.

 

 
Fig. 11    Electromechanical response under constant load for SHB-UD-4 specimen: (a) load and voltage response; (b) strain profile along
the specimen.

 

 
Fig. 12    Tomography scans of specimen SHB-UD-5.
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2)  Mechanical  testing confirmed the  trade-off  between
stiffness  and ductility.  Unidirectional  laminates  provided
high  strength  and  stiffness  but  brittle  failure,  whereas
[±45]6  laminates  showed  pseudo-ductility  at  lower
strength  levels,  a  behaviour  more  compatible  with  RC
applications where brittle failure is undesirable.
3) Bond behaviour in concrete confirmed that structural

batteries  can  be  effectively  applied  using  the  NSM
technique.  Failure  loads  were  comparable  to  or  higher
than conventional  CFRP reinforcements,  and failure  was
governed  by  the  concrete  rather  than  the  composite,
indicating  that  the  electrolyte  does  not  compromise
anchorage.
4) Under service-level loading, the batteries maintained

a stable  electrical  potential,  demonstrating that  structural
and  electrochemical  performance  can  coexist  without
conflict.
Overall,  the  results  provide  proof  of  concept  for  the

multifunctional  use  of  sodium-based  structural  batteries
in civil infrastructure. They highlight the potential of this
technology  to  simultaneously  provide  strengthening,
energy  storage,  and  sensing,  paving  the  way  for  future
research  on  hybrid  laminate  designs,  manufacturing
optimization,  and  long-term  durability  under  realistic
service conditions.
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