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ABSTRACT
Purpose: This analytical study compares confinement
equations for a 400 mm circular reinforced concrete section
with eight D16 bars, assumed CFRP or GFRP wraps, and
concrete strengths of 20, 25, and 30 MPa. Methods: Thirty
input combinations represent 27 unique conditions. Lam-
Teng results are compared with explicitly labeled ACI 440.2R-
17 evaluations, including its minimum confinement-ratio
criterion. Results: At 25 MPa, two to four CFRP layers increase
predicted concrete strength by 45.6-91.3% and ideal section
capacity by 36.3-72.6% in the adopted Lam-Teng

implementation. The one-layer ratio is 0.069138, below its
0.07 strength-gain threshold; the retained flat-branch
idealization gives no strength increase but a higher terminal
axial strain. All six one-layer ACI cases are below the 0.08 ratio
criterion and are excluded from strengthening-capacity
conclusions. For ratio-qualified cases at 25 MPa, ACI strength
values are 4.0-6.2% lower. With a peak concrete strain of
0.002, its terminal strain rises from 8.8%o at two layers to
10.0%o at three layers and remains capped at four layers. For
the matched 25 MPa four-layer input systems, GFRP terminal
strain is 13.33% higher than CFRP. Conclusion: This difference
is conditional on the assumed material properties.
Reproducible calculations and threshold sensitivity are
supplied; the study does not establish experimental accuracy,
cyclic seismic performance, or an economic optimum.

Keywords: FRP Confinement, Circular RC Section, Analytical
Comparison, Ideal Axial Capacity, Axial Strain Capacity,
Confinement Ratio

INTRODUCTION

Reinforced concrete (RC) columns are the primary vertical load-carrying members of buildings
and bridges. Low concrete strength, inadequate transverse reinforcement, deterioration, and increased
service loads can motivate structural retrofit. In Indonesia, design provisions for concrete structures are
given in SNI 2847:2019 (Badan Standardisasi Nasional [BSN], 2019). This standard provides the
structural context; the FRP confinement comparison considered here is based on separate published
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models and guidance. Wrapping with externally bonded fiber-reinforced polymer (FRP) sheets offers a
strengthening option with a relatively small change in section dimensions.

The mechanism is passive confinement. Under axial compression the concrete dilates laterally,
the FRP jacket, which is stiff and linear-elastic in the hoop direction, resists this expansion, and the
resulting confining pressure raises both the compressive strength and the ultimate strain of the concrete
core. Because of this, the behavior of FRP-confined concrete has been the subject of a very large body of
experimental and theoretical work. A recent state-of-the-art review focuses on columns that show a
stress reduction-recovery response and on design recommendations and model assessment for that
behavior (Liao et al., 2023), and unified models for circular and non-circular cross-sections continue to
appear (Shayanfar et al,, 2022; Shayanfar, Barros, Abedi, & Rezazadeh, 2023; Shayanfar, Barros, &
Rezazadeh, 2023; Shayanfar & Barros, 2024).

Recent studies have extended the topic in several directions. Design-oriented models have been
formulated for columns that may show post-peak softening followed by hardening, and for a general
cross-section (Shayanfar & Barros, 2024; Shayanfar et al,, 2024). Large-rupture-strain FRP made of
polymers such as PET and PEN has been tested on columns of different sizes, and size-dependent and
unified stress-strain models have been proposed (Yuan, Bai, et al., 2022; Yuan, Han, & Bai, 2022).
Confinement has also been studied for steel-reinforced high-strength concrete columns (Chen et al.,
2020), for rubber concrete columns (Cao et al,, 2022), for steel-fiber-reinforced RC columns under
eccentric compression (Nematzadeh et al.,, 2021), and for fire- or heat-damaged columns, including
prestressed FRP confinement (Shayanfar, Pereira, & Barros, 2025; Shayanfar, Barros, et al., 2025). These
works show that FRP wrapping is versatile, but they also show that the predicted benefit depends on
the model used and on the confinement level.

The present study examines how layer count and assumed concrete strength affect the
predictions of two specified confinement formulations when geometry and reinforcement are held
constant. It also asks whether the low-confinement cases satisfy the strength-gain or applicability
criteria used in each formulation. The CFRP and GFRP comparison concerns two assumed material
systems selected to have nearly matched confinement pressures; it does not isolate fiber type as a single
independent variable. The study is a controlled analytical comparison rather than a new constitutive
model or an experimental assessment.

The objectives are (i) to compare confined strength, terminal axial strain, a defined axial strain
index, and ideal section capacity; (ii) to examine two assumed FRP systems and unconfined concrete
strengths of 20, 25, and 30 MPa; and (iii) to distinguish formula evaluations from the confinement
criteria associated with Lam and Teng (2003) and ACI 440.2R-17 (ACI Committee 440, 2017). The
contribution is a reproducible numerical comparison with explicit domain labels and a sensitivity check
near the adopted threshold. No independent experimental validation is claimed.

METHODS
1. Study design and section

An analytical parametric study was carried out on a circular RC section with diameter D = 400
mm (4g = 125,663.706 mm?) and eight D16 longitudinal bars (4s = 1,608.495 mm?; reinforcement ratio
1.28%). Longitudinal steel was idealized as elastic-perfectly plastic with f; = 420 MPa and Es = 200 GPa.
Three unconfined concrete strengths (f'., = 20, 25, and 30 MPa), two assumed FRP systems, and five
wrapping levels (n = 0-4) give 30 combinations. Because the two n = 0 controls at each concrete strength
are identical, there are 27 unique conditions. Transverse-steel confinement, bar buckling, and cover loss
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are not represented. Omitting these mechanisms is an idealization, not evidence that the complete
response of an existing column is conservatively predicted.

The section is subjected to uniform concentric axial compression, with fibers oriented in the
hoop direction and an ideal full wrap. The terminal condition assumes an effective hoop rupture strain;
overlap adequacy and bond failure are not independently evaluated. Member height, effective length,
and stability are outside the model, so no physical-column slenderness classification is inferred from
the diameter. The circular geometry permits unit shape factors for this comparison. The concrete axial
strain and the FRP hoop strain are distinct quantities.

2. Material properties

The numerical input properties are summarized in Table 1. These are assumed parameter sets,
not certified commercial products or coupon-test results. The two sets were selected to give nearly
matched per-layer pressure at the adopted effective hoop strain: 1.72845 MPa for CFRP and 1.700754
MPa for GFRP with an efficiency factor of 0.60. Their membrane stiffnesses E: tr are 38,410 and 25,769
N/mm, respectively. Thickness, modulus, and rupture strain therefore vary together. No environmental
reduction or material variability is modeled; consistent product-specific property bases would be
required for a physical strengthening design.

Table 1. Input parameters of the analytical study

Parameter Symbol Value
Column diameter D 400 mm
Gross section area Ag 125,663.706 mm?
Longitudinal reinforcement " 6?)22695(;4;;2) pg=1.28%
Steel yield strength / modulus fy/ Es 420 MPa / 200 GPa
Unconfined concrete strength fleo 20, 25, 30 MPa
Concrete elastic modulus E. 4,700\/fc0 (MPa)
Strain at peak (unconfined) €co 0.002
CFRP: modulus / ply t.hickness / rupture Ei/ti) en 230 GPa / 0.167 mm /
strain 1.50 %
GFRP: modulus / ply Fhickness / rupture E/ti] en 73 GPa /0.353 mm / 2.20
strain %
Number of layers n 0 (control), 1, 2, 3,4

3. Confinement models

The lateral confining pressure provided by a circular FRP jacket at hoop rupture is
_ ZEfnthh’rup

fi = 2 (1)
In Eq. (1), Er is the hoop-direction modulus, n the layer count, t; the assumed per-layer thickness, and

enrup the effective hoop rupture strain. The Lam-Teng comparison adopts &nrp = 0.60 €r as a scenario
assumption. ACI Committee 440 (2017) reports a mean efficiency near 0.586 from the cited calibration;
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0.60 is not a universal material constant. The ACI expression uses gt = 0.55 €. Separate pressures are
calculated for the two expressions. Sensitivity to the adopted Lam-Teng factor is reported in the
Discussion (second sub-section, “Domain checks and parameter sensitivity”).

Lam and Teng model. The confined strength and ultimate strain are

Llee LY for L o .
Free = 1+3.3 (f,m) for Fro > 0.07; f'cc = f co otherwise (2)
Ecu _ 1 (Ehrup 045
=175 + 12 (f) (_SCO ) )

The strength equation uses the 0.07 branch criterion. For cases below this value, the implementation
sets confined strength equal to unconfined strength and retains Eq. (3) as an algebraic terminal-strain
estimate. This extension, with a flat second branch, does not model low-confinement softening or stress
recovery. The limitations of the original formulation and later refinements are discussed by Teng et al.
(2009). The adopted stress-strain relation has a parabolic first branch and a linear second branch:
(Ec—Ep)?€?
B 4f1co
Oc = f'eo + Ez€ for g < e < gg (5)
with E2 = (fec = o) /€cu and € = 2 oo/ (Ec - E2).
ACI 440.2R-17. The strength expression is f'cc = f'co + Yr 3.3 Ka fi, where s = 0.95 and x, = 1.0 for
a circular section. Its pressure is calculated using ge = 0.55 &x. The ratio fi/f'.c must be at least 0.08 for
the confinement criterion examined here (ACI Committee 440, 2,017, Section 12.1). Results below that
ratio are explicitly labeled algebraic evaluations and excluded from strengthening-capacity conclusions.
Passing this ratio alone does not establish full design compliance. The terminal strain expression is
Eocn = £'c [1.5 + 121 (L) (%)0'45] <0.01 (6)
fleo/ \&/¢
The main comparison adopts €'c = 0.002, which is permitted in the notation of ACI 440.2R-17, with x;, =
1.0. This replaces the earlier choice €'c = 1.71 fco/E; that choice is retained only in the supplementary
numerical comparison. The ACI strain values in Table 3 have consequently been recalculated. The 2,017
edition is used as a fixed historical reference, rather than as a statement of compliance with later

o.=E. for 0 <e<g (4)

editions. The stress curves in Figures 2 and 4 use the stated Lam-Teng implementation.

4. Ideal section axial response

The ideal concentric section-capacity index Py is calculated from the confined concrete strength
and the longitudinal-steel yield contribution:

Py = 0.85f"c(Ag — As) + f,As (7)
For the control, confined strength equals unconfined strength. At axial strain €, P(€) = 0.85 o¢(€)(4g - 4s)
+ min(Es ¢, fy) As. The control curve is explicitly defined as oc = f'co [2x - x?] for x = £/0.002 < 1 and oc
= f'co from € = 0.002 to 0.003. Its initial modulus is 2f'co/0.002, which differs from the assumed Ec =
4,700vfco used in the wrapped curves. The control is a separate chosen idealization. Neither PO nor
P(g) includes a member maximum-strength factor or a final strength-reduction factor; yf remains
included in the ACI concrete expression. These outputs are section comparisons, not complete design
strengths.

The axial strain index is defined as &c,/0.002. Monotonic strain energy density W is the integral
of concrete axial stress with respect to axial strain, from zero to £, converted from MPa to kj/m? by
multiplying by 1,000. W is energy per material volume under the specified monotonic curve, not
hysteretic dissipation. The supplementary script integrates each branch analytically and checks
trapezoidal estimates with 1,000 and 2,000 intervals, including branch transitions. Across 27 unique
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conditions, the absolute numerical integration error is below 0.01 kJ/m®. Domain decisions and
geometric areas use full precision; only displayed values are rounded.

RESULTS
1. Confining pressure and confined strength
Table 2(a) gives the separate pressures, unrounded decision ratios, and ACI ratio status for CFRP
at f'.o = 25 MPa. Table 2(b) gives the corresponding strength and ideal section-capacity indices. The
Lam-Teng pressure rises from 1.72845 to 6.91380 MPa for one to four layers; the ACI pressure rises
from 1.5844125 to 6.33765 MPa. Domain decisions use full precision before display rounding.
Table 2(a). Model-specific pressures and confinement ratios for CFRP at 25 MPa

n fl\lllg.: Ratio LT fll\/l?’(: Ratio ACI AClI ratio status

0 0.00000 0.000000 0.00000 0.000000 Control

1 1.72845 0.069138 1.58441 0.063377 Below 0.08 t

2 3.45690 0.138276 3.16883 0.126753 Ratio 2 0.08

3 5.18535 0.207414 4.75324 0.190130 Ratio 2 0.08

4 6.91380 0.276552 6.33765 0.253506 Ratio 2 0.08
Table 2(b). Strength and ideal section capacity indices for CFRP at 25 MPa

n fcc LT Gain LT fcc ACI Gain ACI POLT PO ACI
MPa % MPa % kN kN

0 25.0 0.0 25.0 0.0 3,312 3,312

1 25.0 0.0 30.0 t 199 t 3,312 3,836

2 36.4 45.6 34.9 39.7 4,515 4,359

3 421 68.4 39.9 59.6 5116 4,883

4 47.8 91.3 449 79.5 5,718 5,407

t Below the ACI 0.08 ratio criterion. These values are algebraic evaluations, excluded from
strengthening-capacity conclusions. Py is an ideal section index.

For one CFRP layer at 25 MPa, the Lam-Teng ratio is 0.069138 < 0.070000, so the adopted
strength branch gives f'cc = 25.0 MPa. For two, three, and four layers, strengths are 36.4,42.1, and 47.8
MPa and ideal Py values are 4,515, 5,116, and 5,718 kN. Relative to the 3,312 kN control, Py increases by
36.3%, 54.5%, and 72.6%. The steel contribution is unchanged, so the relative increase in Py is smaller
than that in concrete strength.

The one-layer ACI ratio is 0.063377, below 0.08. The algebraic values 30.0 MPa and 3,836 kN are
retained with a dagger in Table 2(b), but they do not support an ACI strengthening-capacity claim. Two
to four layers pass the ratio criterion; their strengths are 34.9, 39.9, and 44.9 MPa, about 4.0%, 5.2%,
and 6.2% below the corresponding Lam-Teng values. Figure 1 separates the one-layer algebraic ACI
point from the line joining the ratio-qualified values.
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—&— LT, 20 MPa
= LT, 25 MPa
2.07 = (T, 30 MPa
=>: ACI| expression, ratio = 0.08
184 < AClalgebraic, ratio < 0.08

1.6 4

1.4

1.2 4

Confined strength ratio fcc/fco

1.0 4

0 1 2 3 4
CFRP layers

Figure 1. Calculated confined-strength ratios. The isolated open ACI point is below the 0.08
ratio criterion; the connected ACI points satisfy that criterion only. All values are analytical

2. Stress strain response and axial strain capacity

Figure 2 shows the adopted concrete stress-strain curves at 25 MPa. The separate control
reaches its maximum stress at € = 0.002 and is terminated at 0.003. Cases with n = 2 have a parabolic
first branch followed by a linear hardening branch. The one-layer case has a flat second branch because

its adopted strength gain is zero. The flat branch is a model idealization and should not be interpreted

as measured low-confinement behavior.

50 A
= = ] layer (flat idealization)
— 2 layers
E 40 4 — 3layers
s — 4 layers
" = = Control
v
v 30 +
Lot
L N S T
©
% 20 -
[}
Lt
[}
v}
& 4
S 10
o
0 -

0.0 2.5 5.0 7.5 10.0 12.5 15.0
Concrete axial strain (%o)

Figure 2. Calculated Lam-Teng concrete curves at 25 MPa. Dashed lines distinguish the

separate control and the below-threshold one-layer idealization; symbols mark terminal points

Table 3 reports terminal axial strain, the axial strain index, and monotonic strain energy density.
The Lam-Teng implementation gives 3.0%o for the control, 6.8%o for one layer, and 16.6%o for four

layers. The index £¢,/0.002 rises from 1.5 to 8.3, and the energy density from 58 to 584 k] /m?>. These are

material-response measures. With the revised ACI peak-strain choice of 0.002, the two-layer value is
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8.8%o0; the three-layer value reaches 10.0%o and the four-layer value remains at that cap. The one-layer
ACI strain is an out-of-domain algebraic evaluation, not an accepted strengthening prediction.
Table 3. Terminal axial strain, axial strain index, and monotonic strain energy density for CFRP

at 25 MPa
N e L&T (%o) A::l/?:;; ;’]ﬁ;x £ccu ACI (Y%o) :;’/]:3 W/ Weontrol
0 3.0 15 3.0 58 1.0
1 6.8 3.4 5.9+ 151 2.6
2 10.0 5.0 8.8 289 5.0
3 133 6.6 10.0 427 73
4 16.6 8.3 10.0 584 10.0

ACI strain uses €'c = 0.002. + Algebraic strain below the 0.08 ratio criterion. The 3.0%o control is the
separate unwrapped idealization.

Axial strain index ecu/0.002

10 A

mm 20 MPa
Bl 25 MPa
30 MPa

2

CFRP layers

Figure 3. Calculated axial strain index €.,/0.002 for the adopted Lam-Teng implementation.
This index is not member displacement ductility

3. Ideal section load strain response
Figure 4 superposes the concrete and steel responses. Steel yields at f;/Es = 0.00210. In the

separate control, concrete has already reached its plateau at 0.002, and the section reaches 3,312 kN
when the steel yields; 0.003 is the selected terminal strain, not the first occurrence of maximum load.
The one-layer implementation also develops a load plateau. For n = 2-4, the hardening concrete branch
raises the terminal load to 4,515, 5,116, and 5,718 kN at concrete axial strains of 10.0%o, 13.3%0, and
16.6%o. These axial terminal strains are not equal to the effective FRP hoop rupture strains.
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5000 A
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= 3000 A
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§ 2000 A == 1 layer (flat idealization)
— : — 2 layers
©
% : = 3 layers
= 1000 + : — 4 layers

= = Control
o4 ¢ = Steel yield 2.10%0
0.0 2.5 5.0 7.5 10.0 12.5 15.0

Concrete axial strain (%o)

Figure 4. Calculated ideal section load-strain curves at 25 MPa. The vertical line marks steel
yield at 2.10%o0; symbols mark each terminal concrete axial strain

4. Concrete strength and assumed FRP system

Table 4 compares the three concrete strengths and the two fiber types for two and four layers,
and Figure 5 shows the increase in axial capacity as a function of the number of layers. Lower-strength
concrete benefited more. With four layers of CFRP, the confined strength gain was 114.1 %, 91.3 %, and
76.1 % for f'¢, = 20, 25, and 30 MPa, and the corresponding increases in Py were 86.4 %, 72.6 %, and 62.7
%. This follows directly from Eq. (2): for the same confining pressure, the ratio fi/f’c is larger when f’c,
is smaller.

Table 4. Lam-Teng predictions for the selected concrete strengths and assumed FRP systems

o i Ideal P
A FRP n fi(MPa) fo(MPa) U0 o (%) |9€alPO

P, gain (%)

(MPa) (%) kN
20 CFRP 2 346 31.4 57.0 11.7 3,987 43.2
20 CFRP 4 691 428 1141 19.8 5,190 86.4
20 GFRP 2  3.40 31.2 56.1 13.0 3,968 42.5
20 GFRP 4  6.80 424 1122 226 5,152 85.0
25 CFRP 2 346 36.4 45.6 10.0 4,515 36.3
25 CFRP 4 691 47.8 91.3 16.6 5,718 72.6
25 GFRP 2  3.40 36.2 44.9 11.1 4,495 35.7
25 GFRP 4  6.80 47.4 89.8 18.8 5,679 71.5
30 CFRP 2 346 414 38.0 8.9 5,042 31.3
30 CFRP 4 691 52.8 76.1 14.4 6,245 62.7
30 GFRP 2  3.40 412 37.4 9.9 5,023 30.8
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fleo Gain Ideal PO _
FRP MPa) f. (MP (0 - o
(MPa) n fi(MPa) f.(MPa) ©%) ° (%o0) - o gain (%)
30 GFRP 4 6.80 52.4 74.8 16.2 6,206 61.7

The near-equal confinement pressures were selected through the assumed inputs. For 25 MPa
and four layers, strengths are 47.8 MPa for CFRP and 47.4 MPa for GFRP, while terminal strains are
16.5597%o0 and 18.7675%o. The GFRP value is 13.33% higher when CFRP is the denominator. Across
the two- and four-layer pairs in Table 4, the difference ranges from about 10.29% to 13.92%. Because
membrane stiffness and rupture strain also differ, these results do not establish a general fiber-type
effect or product interchangeability.

CFRP GFRP

—8— 20 MPa
80 1 —9— 25 MPa
—8— 30 MPa

60 -

40

Ideal PO gain (%)

20 A

0 1 2 3 4 0 1 2 3 4
Layers Layers

Figure 5. Calculated gains in ideal section capacity P, for the two assumed FRP systems using
the adopted Lam-Teng implementation.

DISCUSSION
1. Strength and axial strain capacity

At 25 MPa, the adopted one-layer Lam-Teng branch gives no strength gain while its algebraic
terminal axial strain exceeds that of the separately defined control. This illustrates a consequence of the
selected equations, not proof that an actual insufficiently confined RC member is less brittle. Models for
stress reduction and recovery are discussed by Liao et al. (2023), Shayanfar and Barros (2024), and
Teng et al. (2009). Independent observations would be needed to assess whether the flat one-layer
idealization is appropriate near the threshold.

The four-layer strain index is approximately 5.5 times the control index, and its monotonic
energy density is about 10 times the control value. These increases do not establish lateral displacement
ductility or hysteretic energy dissipation during earthquakes. Cyclic lateral loading, axial-flexural
interaction, drift, stiffness degradation, and member failure mechanisms were not analyzed. PET and
PEN systems discussed by Yuan, Bai, et al. (2022) and Yuan, Han, and Bai (2022) are outside the present
input sets.

2. Domain checks and parameter sensitivity

Across all six one-layer combinations of concrete strength and assumed FRP system, the ACI
ratios range from 0.051967 to 0.079221 and remain below 0.08. All two- to four-layer combinations
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pass that ratio check. Therefore, a comparison of the one-layer ACI algebraic gain with the Lam-Teng
zero-gain branch is not a comparison of two accepted strengthening predictions. At 25 MPa, both
formulations give increasing strain from two to three layers, whereas the imposed ACI cap prevents a
further strain increase at four layers. Lower calculated values alone do not establish conservatism or
accuracy.

For the 25 MPa one-layer CFRP case, changing the assumed Lam-Teng efficiency from 0.55 to
0.60 and 0.65 gives confinement ratios of 0.063377,0.069138, and 0.074900. The first two use the zero-
strength-gain branch, while 0.65 gives a calculated strength of 31.18 MPa. The transition occurs at an
efficiency of about 0.60748. These are deterministic scenarios around the adopted value, not statistical
confidence bounds. They show why a rounded ratio of 0.07 is unsuitable for choosing the strength
branch.

3. Practical implications

For CFRP at 25 MPa, the two-, three-, and four-layer ideal capacities increase by about 601.46
kN per added layer after n = 2. Dividing their percentage gains by total layer count gives essentially the
same value, about 18.16 percentage points per layer. No cost function, target reliability, or economic
optimization was included, so an optimum of two to three layers cannot be inferred. A minimum count
satisfying a confinement ratio is distinct from a count that meets a complete member design target.
Comparing product substitutions also requires consistent material qualification and durability
evidence.

Future experimental assessment should target the threshold region, vary confinement stiffness
as well as rupture strain, and use measured material properties. Tests at more than one diameter and
concrete strength would help determine whether the numerical trends extend beyond the assumed 400
mm section. Such tests are proposed work; no additional experimental results are presented here.

4. Limitations

The results are deterministic outputs for assumed inputs. No laboratory tests or independent
experimental benchmark are included. The model addresses uniform concentric compression of a
circular section and omits member stability, eccentricity, bar buckling, cover loss, transverse-steel
interaction, overlap failure, environmental deterioration, and time-dependent effects. The selected FRP
systems have similar pressures but different stiffnesses. The low-confinement flat branch and separate
control law affect the strain and energy comparisons. Near the threshold, modest changes in assumed
efficiency can change the strength branch. ACI labels report only the ratio criterion examined here.
Neither formulation is shown to be accurate or conservative by the present calculation alone.

CONCLUSIONS
The analytical comparison of a 400 mm circular RC section gives the following conditional
findings:

1. For 25 MPa and two to four CFRP layers, the adopted Lam-Teng implementation gives concrete-
strength gains of 45.6-91.3% and ideal section-capacity gains of 36.3-72.6%. The axial strain
index rises from 1.5 for the separate control to 5.0-8.3; these indices are not seismic displacement
ductilities.

2. For the assumed 25 MPa one-layer CFRP case, the Lam-Teng ratio 0.069138 is below 0.07. The
adopted branch gives no strength gain and a larger algebraic terminal axial strain. Actual low-
confinement behavior requires independent validation.
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3. For the selected four-layer CFRP input, ideal capacity gains are 86.4%, 72.6%, and 62.7% at 20,
25, and 30 MPa. This trend follows from the assumed equal pressure at different concrete
strengths.

4. For the matched 25 MPa four-layer input systems, the predicted GFRP terminal axial strain is
13.33% greater than CFRP. This is conditional on the chosen stiffnesses, thicknesses, and rupture
strains and does not show general product equivalence.

5. All six one-layer ACI combinations are below the 0.08 ratio criterion and are reported only as
algebraic evaluations. At 25 MPa, the ratio-qualified two- to four-layer ACI strengths are 4.0-6.2%
below the corresponding Lam-Teng strengths. With €'c = 0.002, strain increases from 8.8%o at
two layers to 10.0%o at three layers, with no further increase at four layers.

6. The calculations do not establish cyclic seismic performance, an economic optimum, or a complete
strengthening design. Independent benchmarking and qualified product data are required before
drawing those conclusions.
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