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Constitutive damage model for polypropylene fiber-reinforced
recycled fine aggregate concrete under compressive loading
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Abstract: To promote the application of green recycled con-
struction materials in civil engineering, this study presents a
statistical damage constitutive model for polypropylene fiber
recycled fine aggregate concrete (PRFAC) , based on the
strain equivalence principle and the assumption that microel-
ement strength follows a Weibull statistical distribution.
The proposed model incorporates the Drucker-Prager failure
criterion. By examining the influence of Weibull distribu-
tion parameters m and So on the stress-strain response, em-
pirical relationships were established between the fine aggre-
gate replacement ratio and the distribution parameters. This
enabled the derivation of a theoretical stress-strain curve ac-
counting for variable recycled fine aggragate (RFA) re-
placement ratios. The experimental results show that the
proposed model exhibits high agreement with measured data
and effectively captures the increased brittleness of PRFAC
with higher RFA replacement ratios. Moreover, increasing
the replacement rate accelerates internal crack propagation,
reduces deformability and toughness, and significantly has-
tens the accumulation of internal damage in PRFAC.

Key words: green concrete; polypropylene fibers; recycled
fine aggregate; damage constitutive model; compressive be-
havior; aggregate replacement ratio

DOI:10. 3969/j. issn. 1003-7985. 2026. 01. 009

With the rapid advancement of urban construction in
China, a significant number of old buildings have
been demolished, resulting in construction and demoli-
tion waste, of which more than 30% comprises waste
concrete '), Utilizing such waste materials as aggregate
in concrete production yields recycled concrete, which
facilitates the reuse of discarded concrete and contributes

t 3. How-

to the broader goal of sustainable developmen
ever, the mechanical and durability properties of re-
cycled concrete are generally inferior to those of conven-

tional concrete, limiting its widespread application in en-
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Polypropylene fibers—characterized by low self-weight,
corrosion resistance, crack-bridging ability, and tough-
ness enhancement—have demonstrated the potential to im-
prove the mechanical behavior of recycled concrete™>®'.
For example, Das et al. ") experimentally confirmed that
the inclusion of polypropylene fibers significantly in-
creases both the splitting tensile strength and flexural
strength of recycled concrete. Using scanning electron
microscopy, He et al. '* observed that incorporating fi-
bers into recycled aggregate concrete improves the com-
pactness and homogeneity of the cement matrix, while
also refining the microstructure of the interfacial transi-
tion zones between aggregate/paste and fiber/paste. Simi-
larly, Ahmed et al. "’ reported that the inclusion of poly-
propylene fibers substantially enhances the compressive
strength of recycled concrete at various recycled fine ag-
gregate (RFA) replacement ratios.

In recent years, prefabricated concrete structures have
gained increasing adoption due to their advantages in
standardized design, factory-based production, and
modularized on-site assembly. The release of national
standards, such as Technical Specification for Prefabri-
cated Concrete Structures (JGJ 1—2014) and Technical
Standard for Prefabricated Concrete Buildings (GB/T
51231—2016) , has further highlighted the pivotal role
of prefabricated concrete in transforming and upgrading
the traditional construction industry''®'"). Incorporating
recycled concrete into the production of precast compo-
nents for prefabricated structures would not only promote
substantial resource conservation but also represent an
important pathway toward achieving the dual-carbon
goals within the construction sector' >4/,

To this end, we previously developed a polypropylene
fiber RFA concrete (PRFAC) through an optimized mix
design with the goal of applying it in precast components
for prefabricated concrete structures. To enable the nu-
merical simulation and analysis of PRFAC, this study—
building upon earlier research on material development—
establishes a statistical damage constitutive model for
fiber-reinforced RFA concrete. The model is developed
based on the strain equivalence principle, assuming that
the microelement strength of PRFAC follows a Weibull
statistical distribution, which effectively captures the het-
erogeneity and probabilistic nature of damage evolution



Constitutive damage model for polypropylene fiber-reinforced recycled fine aggregate concrete under--- 93

in recycled concrete''>'®'. Furthermore, it is assumed

that microelement failure conforms to the Drucker-Prager
(D-P) criterion, which more accurately represents the
yield behavior of concrete-like materials under the influ-
ence of hydrostatic pressure''”'s" | thereby better reflect-
ing the plastic deformation capacity of the material under
complex stress states.

Furthermore, by analyzing the effects of the distribu-
tion parameters m and S, on the model’ s stress-strain re-
sponse, empirical relationships between the RFA replace-
ment ratio and these distribution parameters were de-
rived. This enabled the establishment of theoretical statis-
tical damage stress-strain curves for PRFAC, incorporat-
ing the RFA replacement ratio as a variable parameter.

1 Experiment

1.1 Materials

The primary materials used in this study included ce-
ment, coarse aggregate, fine aggregate, polypropylene
fibers, water, and a superplasticizer (to enhance the
workability of RFA). The cement was 42. 5-grade Ordi-
nary Portland Cement produced by Anhui Conch Cement
Co., Ltd. The coarse aggregate was a continuously
graded crushed stone with particle sizes ranging from 5 to
25 mm. The fine aggregate was a mixture of natural river
sand and RFA. Their physical and mechanical properties
are presented in Table 1. The polypropylene fibers used
were monofilament-type, with an equivalent diameter of
18-45 wm, a tensile strength of 400 MPa, an elongation
at break of 5%-20%, an elastic modulus of 3.5 GPa,
and a specific gravity of 0. 91 g/cm’.

Table 1 Comparison of properties between natural sand and
recycled fine aggregate

Bulk A t Wat
Aggregate b . ppafen Crushing & e.r Fineness
. density/  density/ index/% absorption/ modulus
ype (ke:m?) (kg-m") ex/% % odulus
Natural sand 1544 2657 14 0.8 2.8
R led fi
coyeledfine 305 5419 29 8.0 3.0

aggregate

1.2 Specimen preparation and loading procedure

Since this study focuses on examining the influence of
the fine aggregate replacement ratio on the compressive
damage constitutive model of PRFAC, the mix propor-
tions for 1 m? of PRFAC used in this experiment were de-
termined based on our previous findings: 400 kg of ce-
ment, 180 kg of water, 1 165 kg of natural coarse aggre-
gate, 1.5 kg of polypropylene fibers, and 6. 0 kg of su-
perplasticizer. The RFA replacement ratio (denoted as
n) was varied across 11 levels: 0%, 10%, 20%, 30%,
40%, 50%, 60%, 710%, 80%, 90%, and 100%, and the
corresponding specimen groups were labeled TB1-TB11.

To ensure experimental consistency, six specimens

were prepared for each mix design using prismatic con-
crete samples with dimensions of 150 mm X 150 mm X
300 mm. A dry mixing method was used, in which the
polypropylene fibers, sand, coarse aggregate, and ce-
ment were initially mixed uniformly, followed by the ad-
dition of water and continued mixing.

After 28 d of curing under standard conditions, all
specimens were subjected to uniaxial compression using
a servo-controlled rigid testing machine at constant
strain rate loading. The loading rate was maintained
at 0.05 mm/min'"’. To simultaneously measure the
elastic modulus, longitudinal strain gauges were affixed
to two opposing faces along the central vertical axis of
each specimen, and a vertical displacement transducer
was placed on the side surface to compare with the strain
gauge readings, as shown in Fig. 1.

Displacement gauge

Strain

Fig. 1 Test setup

1.3 Results and analysis

The initial vertical cracks first appeared at the corners
for all specimens (TB1-TB11). As the load increased,
these cracks propagated and widened along the loading
direction toward the specimen center. Near failure,
through-cracks developed on the surface, and local crush-
ing occurred at some corners. The presence of polypro-
pylene fibers partially inhibited the rapid development of
cracks, thereby preventing large-scale spalling. The
specimens exhibited plastic failure modes and retained
their overall structural integrity. The final failure mor-
phology resembled a “lantern” shape, with cracks distrib-
uted in a hyperbolic pattern along the specimen sides
and slight outward bulging at the corners in some cases
(Fig. 2) using TB1 and TB11 as examples.

The stress-strain curves shown in Fig. 3 reveal that
specimens TB2-TB11 followed a mechanical response
similar to that of TB1, undergoing distinct stages: elas-
tic, elastoplastic, peak, descending, inflection point,
and residual segments, where o denotes the nominal
stress, & denotes the strain, f, is the compressive strength
corresponding to peak load, ¢, is the peak strain. Before
reaching the peak stress, the ascending portions of the
curves across different RFA replacement ratios (1) ex-
hibited minimal variation and nearly overlapped. In con-
trast, the descending branch beyond the peak point be-
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(a) (b)

Fig. 2 Axial compressive failure modes of PRFAC prism
specimens. (a) TB1; (b) TB11
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Fig. 3 Dimensionless stress-strain curves of PRFAC under
axial compression

comes progressively steeper with increasing 7. This
trend is primarily attributed to the presence of micro-
cracks within the RFA and numerous impurities, which
adversely affect the cement hydration degree and weaken
the interfacial bonding between different phases in the
concrete. These results show that the ductility and de-
formability of PRFAC decrease as the replacement ratio
7 increases.

The key characteristic points extracted from the stress-
strain curves of TB1-TB11 are summarized in Table 2.
With the exception of TB6, the compressive strength f,
of the other 10 specimens was lower than that of TBI1.
Apart from TB2, the peak strain &, of specimens
TB3-TB11 generally exhibited an increasing trend with
the rise in the replacement ratio n. The elastic modulus £
of specimens TB2-TB11 was consistently lower than that
of TB1, and E decreased progressively as 7 increased.

This trend is attributed to the inherent microcracks and
lower strength of RFAs compared to river sand. As 7 in-
creased, the porosity of the cementitious matrix also in-
creased, reducing f, and E values, and increasing &,. Re-
garding the observation that the f, of specimen TB6 is ap-
proximately 1% higher than that of TB1, this study attri-
butes this phenomenon primarily to the limited sample
size, which may have introduced a degree of data scatter
into the experimental results.

Table 2 Characteristic point results of PRFAC under uniaxial

compression

Specimen P/kN  f/MPa o, /MPa £/107° &, /107  E/GPa
TB1 845.89 37.60 7.52 291 3.82 25.09
TB2 825.10 36.67 7.33 2.80 3.60 24.96
TB3 815.52 36.25 7.25 2.95 4.13 21.44
TB4 746.88 33.19 6.64 3.13 4.14 20.24
TBS 789.50 35.09 7.02 3.28 4.57 18.45
TB6 872.22 38.77 7.75 3.47 4.85 18.11
TB7 834.75 37.10 7.42 3.57 4.717 15.02
TBS8 726.77 32.30 6.46 3.38 4.44 16.48
TB9 748.57 33.27 6.65 3.59 4.97 13.61
TB10  762.73 33.89 6.78 3.62 4.72 13.98
TB11  688.50 30.60 6.12 3.85 4.81 10.30

Note:P denotes the peak load; o, represents the residual stress at
0.2% strain; & ¢ is the strain corresponding to 85% of f,.

2 Statistical Damage Constitutive Model

2.1 Development of the damage constitutive model

According to the strain equivalence hypothesis pro-

posed by Jean'”’, the damage constitutive relationship of
PRFAC can be expressed as follows:
~ o Ee
C=1_p~1-D (1)
AD
D="r (2)
A=A+A° (3)

where ¢ denotes the effective stress; D denotes the dam-
age variable; A denotes the load-bearing area of the un-
damaged portion; AP denotes the area of the damaged
portion.

Assuming that the macroscopic PRFAC model is com-
posed of an infinite number of microelements, and that
each microelement obeys generalized Hooke’ s law prior
to failure and follows a Weibull statistical distribu-
[21]

tion'”", the probability density function of the strength

of microelements can be expressed as follows:

gl ol (2] o

where m denotes the shape parameter; and S, denotes the
scale parameter. Both parameters are nonnegative and in-
trinsic to the Weibull distribution.

Let D be the ratio of the number of failed microele-
ments N, to the total number of microelements N under a
given level of applied stress, which gives

D = N,IN (5)

l—exp[ -(;)m” (6)

Substituting Eq. (6) into Eq. (5) yields the final ex-

N
N, = fONP(S)dF: N
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pression for the statistical damage variable as

D=1- exp{ - (;)m} (7)

By substituting Eq. (7) into Eq. (1), the statistical
damage constitutive relationship of PRFAC under triaxial
compression is obtained, as expressed in Eq. (8):

VO',-:Esiexp{ —(;0) }+V(a'j+a',{) (8)
where v denotes Poisson’s ratio; and i, j, k=1, 2, 3 de-
note the tensor indices in Cartesian coordinates.

According to the research and summarization of con-
crete failure criteria by Guo "’
mulation, we adopted the Drucker-Prager failure crite-
rion to represent the microelement strength S of PRFAC,
as follows:

, and to simplify the for-

S=al +./J, (9)

where o = sing/ /9 + sin’¢ , ¢ denotes the internal fric-
tion angle of the concrete material, typically taken as an
approximate value of 35.6°%); I, and J, are the first
stress and second deviatoric stress invariants, respec-
tively. The expressions for /; and J, are obtained accord-
ing to Ref. [24], i.e., Eqs. (10) and (11).

B (o, +20;)E,e¢,

! o, - 2vo, (10)
(o, - 0;)E,e

’J2:% (11)
\r «/3(0'1—21/0'3)

where o and o3 denote the nominal stress measurable in
the triaxial test.

2.2 Distribution parameters

As shown in Eq. (8) , the proposed model involves
only two undetermined parameters: m and S,. If these
two parameters can be related to macroscopic mechanical
properties of concrete and expressed accordingly, the
model would not only reflect clearer physical interpreta-
tions but also offer a more generalized and practical
method for parameter identification.

Thus, according to the methodology in Ref. [25], this
study employs characteristic points from the stress-strain
curve of PRFAC to derive specific expressions for the
distribution parameters. The derivation is based on the
following boundary conditions:

Boundary conditions are as follows: (1)e = ¢,, 0 =0 ;

do
(2)5

triaxial compression with equal confining pressures, sub-
stituting Eq. (9) into Eq. (8) yields the statistical dam-
age constitutive model of PRFAC as follows:

T 0; where o, denotes the peak stress. Under

Eye,

S m
_P =
exp( A\ ) o, 2vo, (12)

1
ln[Eosp/(ap - 21/0'3)]

m =

(13)

From Egs. (12) and (13), the distribution parameters
m and S, can be obtained using the boundary conditions.
Together with the previously defined mechanical vari-
ables, this yields a complete stochastic damage constitu-
tive model of PRFAC.

For the uniaxial compression, where o, = o; = 0, the
statistical damage constitutive relationship and the corre-
sponding parameter expressions are simplified as fol-

o= Eeexpl—(?) 1
0

1

lows:

m=———- (14)
In(Ee /o)

SP_1

Sy| m

2.3 Influence of m, S,, and

As previously discussed, the parameters m and S, have
a significant influence on the statistical damage constitu-
tive model of PRFAC. These parameters essentially con-
trol the geometrical shape and curvature of the material’ s
stress-strain response. Table 3 presents the computed val-
ues of m and S for specimens TB1-TB11 based on Eq.
(14). To illustrate their respective effects on the damage
model, the case of TB4 is selected as a representative ex-
ample.

As presented in Table 3, the parameters for TB4 are
m = 1.398 and S, = 65. 682. By varying either m or S,
while keeping all other variables constant, the resulting
statistical damage stress-strain curves for TB4 are shown
in Fig. 4. The following observations can be made:

(1) Effect of m. The shape parameter m has a negli-
gible influence on the ascending portion of the curve.
However, as stress approaches its peak value, the curve
becomes increasingly sensitive to changes in m. Specifi-
cally, higher values of m result in increased peak stress
and a steeper postpeak slope, indicating greater material
brittleness. Therefore, m can be interpreted as an indica-
tor of both the dispersion in the microelement strength
distribution and the brittleness of PRFAC.

(2) Effect of S, The scale parameter S, also has a
minimal effect in the early loading stage. As stress in-
creases beyond a certain level, the curve begins to di-
verge based on different S, values. Larger S, values cor-
respond to higher peak stresses, indicating that S, reflects
the macrolevel average statistical strength of PRFAC.
Since the stress-strain curves postpeak tend to align al-
most parallel, changes in S, do not significantly influ-
ence the softening modulus.
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Table 3 Distribution parameters under different RFA replace-
ment ratios

Distribution parameters

Specimen /%
m Sy
TB1 0 1.153 77.091
TB2 10 1.208 74.756
TB3 20 1.427 71.253
TB4 30 1.398 65.682
TB5 40 1.645 66.418
TB6 50 2.286 65.678
TB7 60 1.741 68.978
TB8 70 1.959 57.741
TB9 80 2.185 57.293
TB10 90 2.289 57.190
TBI11 100 3.237 45.608
50 ——m=0.898
) —o—m=1.398
40F ——m=1.898
——m=2.398
< 30k —o—m=2.898
a
s
8 ook
10F \,,\
0 1 2 3 4 5 6 7 8
&10°
(a)
401
N .
30t O\
\.
] RN
& v
20F
% ——§,=60.682
——85,=65.672
10 ——S5,=70.672
——8,=75.672
——5,=80.672
0 1 2 3 4 5 6 7 8
/107

(b)
Fig. 4 Statistical stress-strain curves of TB4 under different m
and S,. (a) Different m values; (b) Different S, values

Table 3 reveals that the value of m generally increases
with increasing RFA replacement ratio . The m shapes
the stress-strain response, suggesting that higher RFA
content leads to greater dispersion in the microelement
strength, thereby reducing ductility and increasing brittle-
ness in PRFAC. Additionally, S, gradually decreases
with increasing RFA replacement ratio 7, i. e. , the mac-
rolevel average strength of PRFAC decreases with in-
creasing RFA. Therefore, the peak stress of PRFAC
gradually decreases with increasing RFA.

To better characterize the influence of the RFA replace-
ment ratio on the damage behavior of PRFAC, and based
on the observed correlation trends between the param-

eters m, So, and the RFA replacement ratio n, the rela-
tionship between m and n was fitted using a nonlinear ex-
ponential function (Eq. (15)), whereas the relationship
between So and 1 was fitted using a quadratic polynomial
function (Eq. (16)).

m(n)=Ae"" + A, (15)

So(m)=A,mn" + A + A (16)
where A 1-As represent the fitting coefficients. By apply-
ing the values of m and S, for specimens TB1-TB11 from
Table 3 to Eqs. (15) and (16) , the coefficients A -A
(17) and (18).
The coefficients of determination (R?) calculated from
the above equations are 0. 92 and 0. 87, respectively, in-
dicating an excellent fit (Fig. 5).

m = 0.25¢*" + 1

can be determined, resulting in Eqgs.

(17)

S, =75.23 - 13.08n* - 12. 637 (18)

350w m

ol — Fitting curve

2.5
g
2.0F

1.5¢

= ‘Sv\l
50p — Fitting curve

0 20 40 60 80 100
nl%
(b)
Fig. 5 Regression curves of m and S, with respect to 7.

(a) Fitting of m; (b) Fitting of S,

2.4 Model validation

Based on the above analysis, substituting Eqs. (17)
and (18) into Eq. (14) yields the statistical damage
stress-strain curves of PRFAC under different 0. Fig. 6
compares the theoretical curves with the experimental
curves of specimens TB1-TB11.

The experimental and damage constitutive curves are
consistent in the ascending branch, effectively capturing
the linear elastic characteristics of this stage (Fig. 6).
However, certain discrepancies were observed in the de-
scending branch. These deviations can be attributed to
the following factors: first, RFA inherently contains nu-
merous microcracks, which influence the postpeak soft-
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Fig. 6 Comparison between theoretical and experimental damage constitutive curves. (a) TB2; (b) TB3; (¢) TB4; (d) TBS5;

(e) TB6; (f) TB7; (g) TB8; (h) TB9; (i) TB10; (j) TB11

ening behavior. Second, as indicated by previous stud-
ies' 2% | the incorporation of polypropylene fibers pri-
marily enhances the flexural and splitting tensile proper-
ties of recycled aggregate concrete, with no significant
effect on its compressive strength.

The proposed damage constitutive model is primarily
intended for the numerical simulation of precast compo-
nents in prefabricated concrete structures. To simplify
the constitutive model setup in the numerical analysis,
the specific influence of polypropylene fiber content on
the compressive strength of PRFAC was not explicitly
considered. The mechanical behavior during the fiber
pull-out process in the descending branch, such as the
bond stress-slip constitutive relationship, is highly com-
plex. Collectively, these factors contribute to the ob-
served deviations in the descending branch of the curves.

Fig. 6 demonstrates that as 1 increases, the descending
branch of the curve becomes progressively steeper, indi-
cating that the incorporation of RFA reduces the ductility
of the concrete. Fig. 6 also includes curves derived us-
ing the uniaxial compressive constitutive equation from
Ref. [28] —a commonly adopted constitutive relation-
ship in numerical analyses of prefabricated concrete com-
ponents. It is evident that the proposed damage constitu-

tive model shows better agreement with the experimental
data than the constitutive curve from Ref. [28].

In summary, the damage constitutive model estab-
lished in this study effectively captures the stress-strain re-
lationship of PRFAC under varying RFA replacement ra-
tios. It also provides a valuable reference for defining con-
stitutive models in the numerical analysis of prefabricated
components manufactured from this sustainable material.

3 Cumulative Damage Evolution Process

Material damage is accompanied by internal energy
dissipation and irreversible changes in the microstructural
organization of the material. To investigate the damage
mechanics behavior of PRFAC, the statistical damage
variable D defined in Eq. (7) is used to calculate the cu-
mulative damage evolution. Fig. 7 shows the relationship
between the cumulative damage development rate and
strain under different ) values.

As shown in Fig. 7, the damage variable D remains
zero at small strain levels, indicating that PRFAC is in
the purely elastic phase, where the stress-strain response
is linear, and no microdamage occurs. As strain in-
creases, the damage evolution curve increases monotoni-
cally with an inverted Z-shaped pattern, indicating that
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Fig.7 Evolution of cumulative damage for PRFAC

damage accumulates continuously with growing strain as
microcracks initiate and propagate within the material.
The slope of the damage evolution curve gradually in-
creases with increasing strain, indicating that the rate of
damage accumulation accelerates. When the strain
reaches a critical threshold, an inflection point corre-
sponding to the peak damage rate is observed on the
Beyond this point, the damage accumulation
slows down and eventually stabilizes until the final fail-

curve.

ure occurs.

The figure also reveals that in the initial ascending seg-
ment, specimen TB1 (0% RFA) shows a higher damage
variable D than PRFAC specimens containing RFA. Ad-
ditionally, higher n values are associated with lower ini-
tial D values. This phenomenon is attributed to the fact
that the compaction of the cementitious matrix and clo-
sure of pre-existing microcracks in PRFAC tend to delay
the onset internal damage during
in the nonlinear

of cumulative
early-stage compression. However,
loading phase, the damage evolves much more rapidly in
PRFAC with higher n values. This can be explained by
the inherent brittleness of RFAs compared to natural
sand. The addition of RFA promotes earlier crack initia-
tion and propagation, weakens the deformation capacity
and toughness of the concrete, and ultimately accelerates

the cumulative damage evolution process within PRFAC.

4 Conclusions

(1) The proposed method for deriving the distribution
parameters m and S, is straightforward, physically mean-
ingful, and suitable for engineering applications. The
shape parameter m primarily reflects the degree of disper-
sion in the microelement strength distribution and the
brittleness characteristics of PRFAC. The scale param-
eter S, characterizes the macrolevel average statistical
strength of the material.

(2) Based on the influence of parameters m and S, on
the stress-strain response, empirical relationships be-
tween the n and distribution parameters were estab-
lished. The statistical damage constitutive curves calcu-
lated using these expressions exhibited good agreement
with experimental data. The proposed model effectively

captured the trend of increasing brittleness in PRFAC
with higher RFA content, demonstrating its reliability
and applicability for simulating PRFAC behavior under
uniaxial compression.

(3) The cumulative damage evolution characteristics
of PRFAC with different i values were investigated. The
results show that increasing RFA content accelerates
crack initiation and propagation, reduces deformability
and toughness, thereby leading to a faster cumulative
damage process within the material.
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