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Highlights

What are the main findings?

• After continuous laboratory exposure (95–100% RH, 23 ± 2 ◦C), steel fiber-reinforced
shotcrete exhibited coordinated degradation that followed approximately first-order
kinetics across compressive strength, splitting tensile strength, and mean single-fiber
pull-out force. After 12 months of exposure, compressive strength decreased by
22.0%, splitting tensile strength by 21.4%, and mean single-fiber pull-out force by
26.3% (R2 ≥ 0.99). Core samples extracted from three underground silver mines after
approximately 12 months of service showed a pooled compressive-strength loss of
9.0% compared with the mean 48 h production-control strength.

What are the implications of the main findings?

• The findings support durability-based quality control that combines standard early-
age compressive-strength acceptance with periodic in-service verification and, where
feasible, direct assessment of fiber pull-out or post-cracking performance. The pre-
liminary laboratory-to-field acceleration factor, AF ≈ 2.7 (2.4–3.0), offers a practical
approach for screening humidity-related deterioration. However, it should be carefully
calibrated for each mine according to its specific materials, exposure conditions, and
construction practices before being used to inform service-life decisions.

Abstract

Typical specifications for steel fiber-reinforced shotcrete primarily focus on early-age me-
chanical properties and do not provide much guidance on evaluating changes in capacity
over time, particularly under humid underground service conditions. In addition, accel-
erated laboratory durability tests are rarely calibrated against measurements obtained
from underground structures in service. This study addressed that gap with a 12-month
dual-track approach: (i) maintaining controlled near-saturated conditions in the laboratory
at 23 ± 2 ◦C and 95–100% relative humidity, with subsequent evaluation of the mechanical
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properties (compressive strength, splitting tensile strength, and single-fiber pull-out resis-
tance) at 0, 3, 6, 9, and 12 months; and (ii) monitoring the compressive strength in three
operating underground silver mines in Zacatecas, Mexico, using the mean 48 h production-
control strength as the field reference and cores taken after approximately 12 months of
service. The three laboratory trajectories were well described by first-order exponential
models (R2 ≥ 0.99) throughout the 12-month monitoring period. The observed reductions
were 22.0% for compressive strength, 21.4% for splitting tensile strength, and 26.3% for
single-fiber pull-out resistance. The apparent pull-out rate constant was approximately
18% higher than the compressive-strength rate constant, though the mechanism for this
difference was not identified independently. In the field, there was an apparent reduction
in compressive strength of 8–10% after about 12 months. Comparison of the chamber and
field compressive-strength rates produced an apparent acceleration factor, AF ≈ 2.7, with a
per-mine range of 2.4–3.0. The high pairwise correlations among the three laboratory prop-
erties (r ≥ 0.996) and the first PCA component, which explained 99.8% of their standardized
trajectory variance, reflected closely aligned temporal trends. However, since these were
based on five exposure-age means, they should be considered only exploratory evidence
of co-variation rather than causation. MANOVA demonstrated significant multivariate
effects on the combined compressive and splitting tensile responses across exposure ages
(p < 0.001). The proposed acceleration factor is preliminary and restricted to the materials,
sites, exposure context, and observation period studied. Routine compressive-strength core
testing may be useful as a practical screening indicator, but it cannot quantitatively replace
direct bond or post-cracking evaluation.

Keywords: steel fiber-reinforced shotcrete; durability; degradation kinetics; accelerated
aging; field monitoring; acceleration factor; underground mining; ground support

1. Introduction
1.1. Shotcrete as a Structural Support Method in Underground Construction

In underground mining, shotcrete is typically regarded as a rapid and conformable
surface support that can be applied to irregular rock surfaces immediately after excavation.
Wet-mix shotcrete is frequently used in conjunction with rock bolts to limit the loosening of
rock blocks within ramps, access tunnels, and working areas [1–3]. After this initial period,
the performance of the shotcrete is seldom considered, yet it is of great importance. Current
characterization practices focus mainly on initial and 28-day properties used to verify
conformity with mechanical-performance requirements. However, the long-term properties
of shotcrete, especially its retention of mechanical capacity under the humid conditions
found in underground applications, have received comparatively less attention [4,5].

1.2. Fiber Reinforcement and Its Central Role in Fiber-Matrix Bond

Steel fibers enhance the post-cracking behavior of shotcrete by bridging cracks and
transferring stress across the cracks, which leads to greater toughness, ductility and residual
capacity [4–8]. For hooked-end steel fibers, this contribution results from mechanical
anchorage, adhesion, and friction forces along the embedded fiber. Therefore, the condition
of the fiber–matrix interface plays an essential role in the mechanical behavior of shotcrete
reinforced with steel fibers.

This interfacial behavior is difficult to measure in an existing underground support
system. Routine quality-control and service assessments of underground support systems
rely mainly on matrix-related properties, particularly compressive strength, whereas the
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evolution of fiber pull-out resistance is rarely measured. It has been shown that both aging
and corrosion can affect the post-cracking performance of fiber-reinforced shotcrete, even
when conventional strength measurements do not capture changes at the interface [9].

1.3. Degradation of Shotcrete in Humid Underground Environments

Due to the nature of the underground mining environment, there are several neg-
ative influences on the properties of shotcrete arising from a complex combination of
site-specific aggressive factors. Poorly ventilated underground workings can reach high
relative-humidity levels and, under some operating conditions, approach saturation. Free
water may also be present because of groundwater infiltration, leakage, drilling, and pro-
duction activities, while dissolved sulfates and chlorides may be transported through
groundwater or seepage water [10–12].

Exposure to humid underground conditions can foster various decay processes oper-
ating through transport and reaction-controlled mechanisms in cement-based materials,
which include leaching and decalcification of hydration products, carbonation mechanisms,
sulfate-induced expansion, and micro-cracking resulting from changes in environmental
conditions [13–15]. Shotcrete is likely to be especially vulnerable, as set accelerators mod-
ify the porosity of the matrix and its hydration products; additionally, the stratification
and rebound-affected zones create preferential paths of transport [16,17]. These mecha-
nisms create the environmental context for subsequent time-dependent changes in both the
properties of the matrix and the properties of the fiber-matrix interface.

Research on the vulnerability of the metal fiber-matrix interface under humid exposure
conditions has mostly relied on pull-out tests performed on non-sprayed concretes, and the
resulting findings are not directly applicable to mining shotcrete. The studies performed
on hooked-end fibers subjected to cyclic wet-dry chloride exposure have demonstrated
that surface corrosion can increase the single-fiber bond strength due to corrosion-induced
changes at the fiber surface, but exposure to such conditions may increase bond strength
to the point at which fiber rupture occurs [18–20]. The microstructural condition of the
interfacial transition zone (ITZ) is sensitive to environmental humidity, and changes in
the ITZ may affect pull-out capacity and energy dissipation [21]. However, the direction
and magnitude of the resulting bond changes depend on the exposure regime, matrix
composition, fiber geometry, and the presence of cracks or aggressive ions.

Overall, these studies illustrate how environmental exposure may influence fiber–
matrix bond behavior. Yet, most interface studies are conducted with cast concrete
or cementitious samples subjected to chloride exposure, wet–dry cycles, or controlled
curing conditions [18–21]. These studies provide important mechanistic evidence of how
environmental exposure can modify fiber–matrix bond behavior. However, their findings
cannot be transferred directly to steel fiber-reinforced shotcrete used under persistently
humid underground mining conditions. None of these studies have paired interfacial
measurements with parallel field observations and laboratory-to-field degradation-
rate calibration.

1.4. The Normative Gap: Durability Without a Time Axis

Current sprayed-concrete specifications provide requirements concerning produc-
tion, initial mechanical performance, fiber content, and energy-absorption classification.
EN 14487-1 [22,23] specifies the performance and conformity requirements, while ACI
506R-16 [24] outlines guidelines regarding the materials, application, and quality control.
However, none of these documents sets time-dependent strength-retention coefficients
or a method for converting mechanical degradation measured under accelerated humid
exposure into expected mechanical-property loss under underground service conditions.
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This represents a normative gap with respect to the temporal evolution of mechanical
capacity, not an absence of durability requirements in general.

1.5. The Methodological Gap: Uncalibrated Accelerated Aging

Accelerated aging is widely used to obtain durability data within a practical time-
frame by exposing materials to simulated extreme conditions and relating changes to
their performance in service. The utility of such testing depends on calibration, as it is
difficult to quantify the severity and conservatism of the accelerated condition without
field data [25–27]. This need for calibration poses the methodological problem addressed
in this study.

Prior research has examined aspects of this issue, such as the on-site performance of
fiber-reinforced shotcrete, long-term strength gain, accelerator effects, and fiber–matrix
bond properties under environmental exposure [8,9,17–22,28]. However, these aspects
have often been examined in isolation. To define this methodological gap, eight directly
comparable studies were classified according to material, exposure condition, properties
measured, inclusion of field observations, longitudinal coverage, and lab-to-field calibra-
tion, as outlined in Table 1.

Table 1. Comparison of directly related studies and the methodological components addressed.

Study Material and Context Field
Observations

Longitudinal
Degradation

Laboratory-to-Field
Acceleration Factor

Monteiro et al. [8]
Steel- and polypropylene-fiber-
reinforced shotcrete in an
underground mine

Yes No No

Bernard [9] Fiber-reinforced shotcrete No field
campaign Yes No

Manquehual
et al. [17]

Steel fiber-reinforced shotcrete
in a subsea road tunnel Yes Retrospective No

Marcos-Meson
et al. [18]

Steel fibers embedded in
cracked concrete No Yes No

Wang et al. [19] Cracked steel fiber-reinforced
concrete No Yes No

Zhang et al. [21] Steel fibers embedded in
cement matrices No Yes No

Yun et al. [22] Steel fiber-reinforced shotcrete
and cast concrete No Yes No

Külekçi [28] Synthetic fiber-reinforced
shotcrete Yes No long. No

Present study
Steel fiber-reinforced shotcrete
in operating underground
mines

Yes Yes Yes

Among the eight directly comparable studies, five examined fiber-reinforced shotcrete,
three incorporated underground or field applications, and three directly evaluated fiber
pull-out or fiber–matrix bond behavior. Only one study explicitly compared laboratory-
prepared specimens with shotcrete produced under underground conditions [28]; however,
that investigation used synthetic fibers and focused on mechanical performance without
developing longitudinal degradation kinetics or an environmental acceleration factor.

None of the eight studies integrated all the following elements: steel fiber-reinforced
shotcrete, longitudinal accelerated exposure, simultaneous testing of compressive strength,
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splitting tensile strength, fiber pull-out resistance, parallel mechanical-property measure-
ments in operating underground mines, modeling of property-loss kinetics, and establish-
ment of a laboratory-to-field acceleration factor. Therefore, the identified gap is not an
absence of durability studies, but the lack of an integrated, field-calibrated methodology
connecting matrix and interface degradation under controlled exposure with mechanical-
property loss under actual underground service conditions.

1.6. Context, Objectives, and Contributions of This Work

This study addresses both gaps simultaneously using a paired laboratory-field ex-
perimental design within the context of underground silver mining in Zacatecas, Mexico.
Zacatecas is one of Mexico’s principal silver-producing regions and contains multiple ac-
tive underground mining operations [29–32]. The participating mines use wet-mix steel
fiber-reinforced shotcrete as part of their support systems and exhibit persistently humid
service conditions, as documented during the field campaign described in Section 2.6.
Three mines in this district were selected to provide independent field observations in
actual production, application, ventilation, and water-exposure conditions. The regional
context defines the initial scope of applicability and validation of the study rather than
its scientific novelty.

The experimental program was divided into two tracks and conducted over 12 months.
In the laboratory track (ISO/IEC 17025:2017 [33] accredited), steel fiber-reinforced shotcrete
was exposed to a near-saturated climatic chamber (RH = 95–100%, T = 23 ± 2 ◦C) and
destructively tested at 0, 3, 6, 9 and 12 months for the following properties: uniaxial
compressive strength (matrix capacity), splitting tensile strength (matrix cracking resis-
tance), and single-fiber pull-out resistance (fiber-matrix interface). The field track compared
early-age quality-control measurements from production shotcrete in three operating silver
mines with compressive-strength measurements obtained from cores extracted from the
corresponding support areas after approximately 12 months of service.

The purpose of this study was to provide a quantitative description of the time-
dependent variation in the mechanical properties of steel fiber-reinforced shotcrete under
controlled near-saturated exposure and to compare the resulting laboratory degradation
rates with mechanical-property loss observed in operating underground mines. To ac-
complish this objective, four methodological contributions were pursued: (i) longitudinal
characterization of compressive strength, splitting tensile strength and fiber pull-out resis-
tance within a single experimental program; (ii) the simultaneous application of controlled
laboratory exposure and field monitoring in three operating mines; (iii) the estimation of
a preliminary laboratory-to-field acceleration factor based on degradation rates over the
course of the experimental period; and (iv) the assessment of the usefulness and limita-
tions of routinely measured compressive strength as an indirect monitoring indicator for
mechanical properties that are less accessible.

The scientific novelty therefore lies in the integration of longitudinal matrix and
interface testing with parallel observations from operating mines to obtain a preliminary
field-calibrated relationship between accelerated laboratory degradation and underground
service performance.

2. Materials and Methods
2.1. Experimental Design

The research encompassed a longitudinal, dual-track approach in which the strengths
of each track offset the inherent limitations of the other. Laboratory exposure accelerates
the process while providing control over the principal exposure variables considered in
this study so that the testing can be performed destructively on replicate specimens for
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each property at each specified age; nevertheless, the intensity of laboratory exposure
relative to real service cannot be known in advance. In contrast, field monitoring captures
actual service conditions because the material characteristics, application procedures, and
environmental exposure correspond to those of the participating mines. Nonetheless,
field monitoring provides limited options for property testing since only a few properties
can be verified by core extraction; it is also subject to variability in operational processes.
Using both experimental schemes simultaneously on similar materials over a period of
a year enables the conversion of complementarity into calibration: laboratory exposure
furnishes the shape and extent of the degradation model, whereas field exposure provides
a coefficient that supports its connection to actual service conditions.

Track A (laboratory): Shotcrete samples are exposed to a controlled humid environ-
ment over a year and destructively tested at 0, 3, 6, 9, and 12 months. Three mechanical
properties were selected to characterize the composite at complementary structural
levels: uniaxial compressive strength represents the properties of the bulk matrix and
constitutes the principal property used for its quality control; splitting tensile strength
represents the resistance of the matrix to crack formation which is closely related to the
transition from the pre-cracking to the post-cracking condition; and steel fiber-matrix
bond, evaluated through single-fiber pull-out testing, represents the stress-transfer
mechanism responsible for post-cracking resistance. The selected sampling ages define
equal intervals throughout the exposure period; meanwhile, a two-point scheme (0 and
12 months) allows estimation of the overall reduction but fails to distinguish among
linear, exponential, or stabilizing kinetic patterns; thus, the use of five sampling points
permits model fitting and residual analysis.

Track B (field): the strength evolution of production shotcrete was monitored in three
operating silver mines located underground in Zacatecas, Mexico, by comparing early-age
quality-control measurements obtained during application with measurements from cores
extracted at the same headings approximately 12 months later. Three mines, rather than
one, were deliberately selected because with only one site, any observed decline could
be attributed to site-specific differences in mixture proportions, application technique,
or microenvironmental conditions; thus, including three sites, each served by different
suppliers and application personnel, allows the consistency of the observed trend to be
evaluated across different operational conditions, suppliers, and application crews. Track
A characterizes kinetics under controlled near-saturated conditions, while Track B captures
behavior under actual operating conditions, thereby allowing calculation of an acceleration
factor (see Section 2.6).

The experimental program consisted of four distinct mix designs (Table 2). One ref-
erence mixture was made solely for the laboratory track, with 400 kg of cement per cubic
meter. Regarding the field track, three different production mixtures were used, each sup-
plied independently at one participating mine. Although the field mixtures had different
compositions, they were required to meet the same performance specification, namely a
cement content of 400–420 kg/m3 and a target compressive strength of 250 kg/cm2 (ap-
proximately 24.5 MPa) at 48 h. As such, the laboratory mixture and the field mixtures
should not be treated as identical in terms of composition; they were compared based on
normalized mechanical-property retention and apparent degradation rates, rather than
absolute strength values.
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Table 2. Summary of the laboratory and field experimental program.

Track Evaluation Age Specimen Source Mechanical
Property Replicates Total Tested

Laboratory 0, 3, 6, 9 and
12 months

Laboratory-prepared
specimens

Compressive
strength 6 per age 30

Laboratory 0, 3, 6, 9 and
12 months

Laboratory-prepared
specimens

Splitting tensile
strength 6 per age 30

Laboratory 0, 3, 6, 9 and
12 months

Individual specimens
containing one
embedded fiber

Single-fiber
pull-out

resistance
10 per age 50

Field 24 h Cores obtained from
production-control trays

Compressive
strength

2 per location;
10 locations

per mine
60

Field 48 h Cores obtained from
production-control trays

Compressive
strength

2 per location;
10 locations

per mine
60

Field Approximately
12 months

Cores extracted directly
from the underground

shotcrete support

Compressive
strength

1 per location;
10 locations

per mine
30

Note: An extra thirty cores derived from the production-control trays, one per tested location, were
kept as contingency cores. All specimens assigned to the mechanical tests were tested, and no
specimens were discarded because of specimen damage or invalid failure modes.

2.2. Materials and Mix Proportions

The laboratory reference mixture was designed to represent the material and perfor-
mance characteristics commonly required for wet-mix shotcrete in underground mining
operations. It was prepared expressly under controlled laboratory conditions and was not
compositionally identical to the three field production mixtures. The proportions of the lab-
oratory reference mixture per cubic meter are presented in Table 3. The field mixtures were
independently proportioned by their respective suppliers and were evaluated according to
the common cement content and early-strength requirements described in Section 2.1.

Table 3. Mix proportions of the laboratory reference shotcrete per cubic meter.

Component Specification Dosage

Portland composite cement CPC 40 400 kg/m3

Washed sand 0–5 mm 850 kg
Washed fine gravel 5–10 mm 950 kg
Water potable; w/c = 0.45 180 L
Commercial liquid set
accelerator manufacturer anonymized 4% by cement weight

Steel fibers
hooked end; length 30 mm;
diameter 0.5 mm; tensile
strength > 1000 MPa

40 kg/m3

The laboratory reference mixture was prepared with CPC 40 cement supplied by one
of the participating mines. The same cement type and manufacturer were used by the three
independent shotcrete providers involved in the field campaign. The manufacturer and
mine identities are withheld because of confidentiality agreements.

Batch-specific chemical and mineralogical characterization was not available. There-
fore, the cement is identified by its commercial classification, CPC 40, and by the applicable
Mexican product specification rather than by manufacturer-reported batch values.

https://doi.org/10.3390/fib14090102
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The fine and coarse aggregates were obtained from a local source in the Emancipación
area, Zacatecas, Mexico, and were supplied by an anonymized regional materials distributor.
The particle-size distributions of both aggregate fractions were verified in the laboratory
in accordance with NMX-C-077-ONNCCE-2019 [34] using a complete series of calibrated
sieves and an automatic sieve shaker (A series of calibrated sieves, manufactured by Alcon,
a civil engineering equipment supplier based in Guadalajara, Mexico, was used for the
particle-size analysis). The resulting classifications confirmed a washed sand fraction of
0–5 mm and a washed fine-gravel fraction of 5–10 mm.

The relative density, water absorption, and moisture content of the aggregates were
determined before batching, and the batch water was adjusted to maintain a water-to-
cement ratio of 0.45 while accounting for their moisture and absorption. Although batch-
level moisture-correction records were available for the laboratory mixture, comparable
effective water-to-cement ratios cannot be assumed for the three field suppliers, since no
equivalent moisture-correction records were available.

The selection of each component followed common regional mining practice. The
cement content (400 kg/m3) and water-to-cement ratio (0.45) correspond to the con-
ventional usage of wet-mix shotcrete for long-distance pumping and developing early
strength with an accelerator. The maximum aggregate size of 10 mm is linked to the
spraying process, because larger particles cause more rebound and nozzle wear. The low-
alkali accelerator at 4% by cement weight facilitates overhead application as well as the
24 h strength required for mining cycles. The hooked-end steel fibers (30 mm × 0.5 mm,
aspect ratio 60, tensile strength above 1000 MPa) at 40 kg/m3 reflect the parameters
used in the three mines studied in this field campaign for headings where considerable
ground movements are expected.

Mixing was performed under controlled conditions at the contractor’s plant. The
mixture was applied using the wet-mix method with Putzmeister equipment through a
75 mm nozzle under constant pressure (7–10 bar) by an experienced nozzleman. Spraying
was preferred over casting to reproduce the relevant material characteristics because
spraying provides compaction and orientation of fibers in the material whereas casting
would not reproduce these effects.

2.3. Specimen Preparation and Initial Curing

Laboratory specimens for compressive and splitting tensile testing were cast directly
in 150 × 300 mm cylindrical molds (The cylindrical specimen molds were manufactured
by Alcon, a civil engineering equipment supplier based in Guadalajara, Mexico) and con-
solidated by rodding in accordance with NMX-C-159-ONNCCE-2016 [35]. The specimens
were demolded approximately 24 h after casting and maintained in a controlled moist room
at 23 ± 2 ◦C and approximately 100% relative humidity until completion of seven days of
initial curing, following NMX-C-148-ONNCCE-2010 [36]. At the end of this period, the
specimens assigned to the initial condition were tested to establish the 0-month reference
values, while the remaining specimens were transferred to the long-term environmental
chamber for testing after 3, 6, 9, and 12 months of exposure.

The Mexican NMX test methods used in this study are technically comparable to
the corresponding international methods: the compression test corresponds to ASTM
C39/C39M (Standard Test Method for Compressive Strength of Cylindrical Concrete
Specimens. ASTM International: West Conshohocken, PA, USA, 2026) [37], and the splitting
tensile test corresponds to ASTM C496/C496M (Standard Test Method for Splitting Tensile
Strength of Cylindrical Concrete Specimens. ASTM International: West Conshohocken, PA,
USA, 2017) [38], thereby allowing external comparison of the results.
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2.4. Long-Term Exposure Conditions

The long-term exposure chamber was operated for a period of 12 months at 23 ± 2 ◦C,
with a relative-humidity target range of 95–100%. The chamber temperature was moni-
tored continuously by the internal thermostat and verified daily by an independent cal-
ibrated thermometer (A bimetallic thermometer with a 1 ◦C scale division, supplied by
Alcon, a civil engineering equipment supplier based in Guadalajara, Mexico, was used
for temperature monitoring). The relative humidity was sustained by continuous water
nebulization in accordance with the moist-room performance parameters determined in
NMX-C-148-ONNCCE-2010 [36]. However, the relative-humidity values themselves were
not continuously recorded. Continuous air circulation was maintained, and the samples
were kept away from direct sunlight. The samples were kept on glass supports so that
they did not come in contact with any metallic surface and positioned so that their exposed
surfaces remained open to the chamber environment.

These experimental conditions represent the upper bounds of humidity. They keep
samples in a nearly saturated condition throughout the exposure period, while real mine
tunnels undergo forced ventilation, periodic drying, and seasonal variations. This option
was adopted deliberately for methodological reasons; the upper bound of humidity in
laboratory conditions allows the kinetics data to be treated as a conservative envelope
for the study conditions, whereas field data (Section 2.6) show how far the real condition
falls below the envelope. The impact of this decision on the interpretation of the results,
particularly regarding the environmental acceleration factor, is described in Section 3.4. It
should be noted that experimental conditions in the chamber only simulate the humidity
regime of the mining environment, while chemical agents are excluded (chlorides, sulfates,
corrosive gases); the implication of this limitation is discussed in Section 4.4.

2.5. Mechanical Tests
2.5.1. Compressive Strength

Uniaxial compression tests were performed in accordance with NMX-C-083-ONNCCE-
2014 [39] (same as ASTM C39/C39M). Before loading, the specimen ends were capped with
molten sulfur compound in accordance with NMX-C-109-ONNCCE-2013 [40] to provide
plane and parallel loading surfaces. Cylinders with a diameter of 150 mm and a height of
300 mm were tested using a calibrated 120 ton ALCON hydraulic press (equipment ID 8;
nominal capacity approximately 1177 kN, Compressive strength tests were performed using
120-ton capacity compression testing machines manufactured and calibrated by Alcon, a
civil engineering equipment supplier based in Guadalajara, Mexico.) at a controlled rate of
0.25 MPa/s with capped ends that allowed an even load distribution. Six cylinders were
tested at each time interval to support descriptive statistics and ANOVA across exposure
ages without exceeding the capacity of the environmental test chamber. The maximum
load was recorded for each specimen; the failure modes were photographed and classified
to confirm the validity of the test. All six scheduled specimens were tested at each exposure
age, and no result was excluded. Testing was performed by a laboratory accredited by
the Mexican Accreditation Entity under accreditation number C-1356-268/21 (accredited
testing laboratory recognized by the Entidad Mexicana de Acreditación, A.C. (EMA), under
accreditation No. C-1356-268/21) [41].

2.5.2. Splitting Tensile Strength

Splitting tensile tests were performed in accordance with the standard NMX-C-163-
ONNCCE-2019 [42] (equivalent to ASTM C496/C496M). Independent 150 × 300 mm
cylindrical specimens were tested using a calibrated 120 ton ALCON hydraulic press
(equipment ID 7; nominal capacity approximately 1177 kN, Compressive strength tests
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were performed using 120-ton capacity compression testing machines manufactured and
calibrated by Alcon, a civil engineering equipment supplier based in Guadalajara, Mexico.).
The cylinder was loaded by applying a diametral compressive load via bearing strips,
inducing tensile stress perpendicular to the plane of loading; the splitting tensile strength
was calculated from the ultimate load. Six specimens were tested at each time interval.
The splitting configuration was selected because direct tension is difficult to implement for
fiber-reinforced specimens.

2.5.3. Bond Between Fiber and Matrix (Single-Fiber Pull-Out)

An instrumented pull-out testing methodology was developed to determine the bond
characteristics of steel fibers embedded within shotcrete matrices. The pull-out testing was
based on single-fiber pull-out concepts and methods reported by other researchers [18,20].
Prismatic specimens were used for testing, using fibers with the same physical characteris-
tics and partially exposed ends in the test specimens. The method for preparing, curing,
and testing the specimens was kept constant to ensure consistent specimen and environ-
mental histories across the three types of tests. The pull-out testing was performed using a
controlled linear actuator (The single-fiber pull-out tests were performed using a Tolomatic
IMA33-RN04 electromechanical linear servo actuator (Tolomatic, Inc., Hamel, MN, USA))
at a constant displacement rate of 0.5 mm/min in a quasi-static mode, so that the maximum
pull-out force could be accurately determined. The axial load acting on the specimen was
measured in real time using an S-type load cell (SM-5000N S-type tension/compression
load cell (Interface, Inc., Scottsdale, AZ, USA)), with a maximum capacity of 5 kN and
a resolution of 0.1 N. The automated system continuously recorded the load data, from
which the maximum pull-out force was determined. The testing sequence involved testing
ten fibers at each exposure age, providing more replicates than in the strength tests. The
extracted fibers were visually examined after each test, and a photographic record of the
fiber and socket was obtained, allowing assessment of oxidation and bond-surface residues.
The load cell installed in the test assembly is shown in Figure 1.

Figure 1. S-type load cell and pull-out configuration used for the fiber–matrix bond test (dimensions
in mm).

2.6. Field Campaign in Three Operating Silver Mines

The data collection effort was conducted in three operating underground silver mines
in Zacatecas, Mexico. Each site was served by an independent shotcrete supplier, and the
supplier used a specific mixture that met the common performance criteria outlined in
Section 2.1. Because of confidentiality agreements, the identities of the mine, supplier, and
product are not disclosed. Ten representative locations were monitored in each mine (i.e.,
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headings, ramps, access areas), for a total of 30 field locations. The sample locations were
different in terms of ventilation, water inflow, mine depth, shotcrete application crew, and
other operational conditions.

During the application of the shotcrete, one metal production-control tray was filled
directly from the spraying equipment at each monitored location. After a minimum of
twelve hours of initial setting time (i.e., hardening), each control tray was delivered to the
accredited laboratory. At 24 h at least five cylindrical cores measuring 50.8 mm in diameter
and 101.6 mm in length were removed from each tray, maintaining a length-to-diameter
ratio of 2.0. Two cores were tested at 24 h and two at 48 h; one core was preserved as a
backup specimen, if needed. The 24 h results were used for operational quality control and
verification of early access safety, while the mean of the two 48 h tests was used as the initial
field reference for degradation assessments. The nominal project strength targets were a
compressive strength of 200 kg/cm2 (approx. 19.6 MPa) at 24 h and at least 250 kg/cm2

(approx. 24.5 MPa) at 48 h.
After about 12 months of service, one core was taken directly from the installed

shotcrete at each of the 30 monitored locations. The field cores had nominal diameters
of 38.1 mm and lengths that varied based on the actual shotcrete thickness. The support
specification required at least 50.8 mm nominal shotcrete thickness over the installed
steel mesh. Core extraction and preparation were performed in accordance with NMX-
C-169-ONNCCE-2009 [43] in a laboratory accredited by the Mexican Accreditation Entity
(EMA accreditation C-1356-268/21). To report compressive strength, the correction factor
prescribed by the standard was used when the measured length-to-diameter ratio was less
than 2.0.

The laboratory reference mixture and the three field production mixtures could not be
considered compositionally identical, and because their reference ages were also different,
laboratory and field strength values were not compared directly. Field retention was
calculated separately for each mine by normalizing the corrected core strength at 12 months
against the corresponding mean 48 h production-control strength. Degradation rates
were not calculated from 24 h results. After 48 h, the study design could not isolate
continued hydration from environmental and operational effects; this is therefore treated
as a limitation in Section 4.4.

2.7. Statistical Analysis and Kinetic Modeling

The data were analyzed using IBM SPSS Statistics v26 and Statgraphics v18, and
the model fits were independently verified using SciPy (version 1.18.0 (SciPy Developers),
released on 19 June 2026 and distributed through the Python Package Index). A significance
level of α = 0.05 was used for all inferential statistical tests. The analysis consisted of four
main components. The first component involved running descriptive statistics for each
variable and exposure interval (mean, standard deviation, coefficient of variation), which
provided the basis for assessing within-group variability before inferential analysis. The
second component consisted of a one-way analysis of variance (ANOVA), conducted
separately for each property across the different exposure intervals to determine whether
the observed values differed significantly across exposure intervals beyond random within-
group variation. The third component consisted of the calculation of Pearson correlations
among the exposure-age means for the properties of interest; this bivariate analysis was
supplemented by two multivariate tests, one being the one-way multivariate analysis
of variance (MANOVA) performed on the separate compressive and splitting tensile
results obtained across the five exposure-age groups using Wilks’ lambda to assess the
significance of the overall change, and the other being the principal component analysis
(PCA) performed on the standardized means across three properties to determine whether
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the joint temporal trend could be summarized by a single component. Finally, the fourth
component involved kinetic modeling using first-order exponential decay:

f (t) = f0 e−kt

where f(t) is the property value at exposure time t (months), f0 is the initial value, and k
(month−1) is the degradation rate constant obtained by least-squares fitting. Goodness of
fit was evaluated using R2 and the 95% confidence interval of k.

The exponential form was selected as a parsimonious first-order representation of the
observed phenomenon: it embodies the hypothesis that the instantaneous rate of capacity
loss is proportional to the remaining capacity, which is mathematically consistent with a
transport-controlled process but does not independently establish that mechanism, and it is
the standard baseline model in accelerated life testing of construction materials [25,27]. Its
two parameters have direct model interpretations (f0, the initial capacity; k, the apparent
fractional loss rate), which is what allows rates measured in different environments to
be compared as a ratio. Alternative descriptions (linear, bilinear, and Weibull-type) were
considered; the quality of the exponential fits (Section 3.1) did not justify additional param-
eters within the 12-month window, although the discrimination among models at longer
horizons is acknowledged as an open task in Section 4.4.

The laboratory-to-field environmental acceleration factor was defined as the ratio of
rate constants:

AF =
kchamber

k f ield

where kchamber is the rate constant obtained by fitting the multi-age chamber compressive-
strength series. Because each field series contained only two measurement ages-the 48 h
reference and the approximately 12-month follow-up—k f ield was calculated analytically
from the normalized retention ratio rather than estimated through multi-point regression:

k f ield = −
ln ( f 12

f 48h )

t

where f48h is the mean 48 h production-control compressive strength, f12 is the corrected
mean compressive strength of the corresponding cores after approximately 12 months of
service, and t is the actual elapsed service time expressed in months. The calculation was
performed separately for each mine and for the pooled field means.

This definition follows the general logic of time-transformation methods in accelerated
aging [25,26]: if two environments produce degradation trajectories of the same functional
form differing only in rate, then exposure times in the two environments are related by
the factor AF, and laboratory results can be mapped onto a service time axis. Finally, the
field-calibrated model was used to compute strength retention factors R(t) = e−k f ield t at
reference service times, with values beyond the 12-month experimental window explicitly
labeled as extrapolations. The physical state of the specimens at each extraction (microc-
racks, efflorescence, and spalling) was documented by visual inspection, and results were
contrasted with reference values from the specialized literature to support the assessment
of external validity.

3. Results
3.1. Degradation of Mechanical Properties Under Sustained Humidity

Table 4 presents the individual compressive strength results for the six replicates per
interval, and Table 5 presents the corresponding splitting tensile results. Table 6 summarizes
the mean single-fiber pull-out force.
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Table 4. Individual compressive strength results (MPa).

Exposure Time S1 S2 S3 S4 S5 S6 Mean SD Loss (%)

0 months 44.8 45.2 45.0 45.4 44.7 44.9 45.0 0.26 0.0
3 months 42.8 42.5 42.3 42.9 42.4 42.7 42.6 0.24 5.3
6 months 40.2 39.8 40.0 39.6 40.1 39.7 39.9 0.24 11.3
9 months 37.7 37.2 37.5 37.0 37.6 37.4 37.4 0.26 16.9
12 months 35.4 35.0 35.2 34.8 35.3 34.9 35.1 0.24 22.0

Table 5. Individual splitting tensile strength results (MPa).

Exposure Time S1 S2 S3 S4 S5 S6 Mean SD Loss (%)

0 months 4.18 4.23 4.15 4.27 4.21 4.16 4.20 0.05 0.0
3 months 4.02 4.05 3.98 4.01 4.00 4.03 4.02 0.02 4.3
6 months 3.82 3.77 3.80 3.75 3.79 3.78 3.79 0.02 9.8
9 months 3.58 3.54 3.49 3.55 3.51 3.50 3.53 0.04 16.0
12 months 3.34 3.31 3.28 3.32 3.29 3.26 3.30 0.03 21.4

Table 6. Mean single-fiber pull-out force (n = 10 fibers per interval).

Exposure Time Mean Pull-Out Force (N) Loss (%)

0 months 475 0.0
3 months 440 7.4
6 months 412 13.3
9 months 385 18.9
12 months 350 26.3

All three mechanical properties decreased at each successive exposure age, with
no reversal in the mean values during the 12-month period. One-way ANOVA indi-
cated statistically significant differences among exposure ages for compressive strength
(F(4, 25) = 1542.9, p < 0.001) and splitting tensile strength (F(4, 25) = 745.3, p < 0.001). These
results confirm differences among the age-group means but do not, by themselves, identify
the physical mechanism responsible for the observed changes. The coefficient of varia-
tion for compressive strength remained below 0.7% at all exposure ages, indicating low
within-group dispersion under the laboratory specimen-preparation and testing conditions.

According to Figure 2, the distributions stayed narrow throughout the exposure
period, although some slight changes in the interquartile range were evident across
some intermediate and later ages. These changes may simply indicate inter-individual
heterogeneity at the specimen scale, but their source cannot be determined from the
mechanical results alone because porosity and fiber distribution were not separately
measured herein.

The ratio between compressive and splitting tensile strength (fc/ft) remained nearly
constant during the exposure period, decreasing only from approximately 10.7 at month 0 to
10.6 at month 12. This stability indicates that both measured strength properties experienced
similar proportional reductions within the 12-month experimental window. However, the
strength ratio alone does not demonstrate that the failure mechanism remained unchanged
or confirm a dissolution-controlled degradation process. Establishing the underlying
mechanism would require complementary microstructural or chemical characterization,
which was outside the scope of this study.
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Figure 2. Distribution of (a) compressive strength and (b) splitting tensile strength by exposure
interval (n = 6 per interval).

The retention factors developed in this study are based on mean mechanical-property
values. They should therefore not be interpreted as characteristic design values or applied
directly as code-based resistance factors. Although the within-group dispersion remained
low, a reliability-based structural assessment would require a larger dataset and an explicit
statistical determination of characteristic values.

Figure 3 and Table 7 presents the fitted degradation kinetics. The first-order exponen-
tial model reproduced the experimental trajectories with R2 ≥ 0.99 for all three properties
within the 12-month observation period. The fitted initial values (f0 = 45.1 MPa, 4.23 MPa,
and 475.5 N) were close to the corresponding month 0 means, and no systematic pattern
was observed in the residuals. The estimated rate constants for compressive and splitting
tensile strength were 20.8 × 10−3 and 20.2 × 10−3 month−1, respectively, with overlapping
95% confidence intervals. In comparison, the pull-out resistance exhibited a rate constant
of 24.6 × 10−3 month−1, approximately 18% higher than the compressive-strength rate
constant. After 12 months, the compressive and splitting tensile properties retained approx-
imately 78% of their initial values, whereas the pull-out resistance retained approximately
74%. These results demonstrate a faster reduction in pull-out resistance under the tested
conditions; however, they do not independently identify the physical or chemical mech-
anism responsible for this difference because no microstructural characterization of the
fiber–matrix interface was performed.

Visual inspection of the fibers revealed minor oxidation on the surface and some
remaining material after 6 months of exposure. These observations are qualitative and
are consistent with slow processes near the fiber-matrix interface but cannot distinguish
among possible processes or confirm a specific degradation mechanism, such as corrosion
of the steel, leaching, carbonation, or interfacial decalcification. Thus, the reduction in
pull-out resistance should be interpreted as mechanical evidence of decreased bond perfor-
mance under sustained humidity exposure rather than as definitive evidence of a specific
degradation mechanism.

https://doi.org/10.3390/fib14090102

https://doi.org/10.3390/fib14090102


Fibers 2026, 14, 102 15 of 27

Figure 3. Degradation kinetics under sustained 95–100% RH: (a) compressive strength; (b) splitting
tensile strength; (c) single-fiber pull-out force; and (d) normalized retention of the three properties
with fitted first-order rate constants. Error bars: ±1 SD.

Table 7. Fitted first-order degradation parameters (0–12 months).

Property f0 (Fitted) k (10−3 Month−1) 95% CI of k R2 Loss at
12 Months

Compressive strength
(chamber) 45.1 MPa 20.8 [19.6, 22.1] 0.999 22.0%

Splitting tensile strength
(chamber) 4.23 MPa 20.2 [16.8, 23.6] 0.993 21.4%

Single-Fiber pull-out
resitance (chamber) 475.5 N 24.6 [22.2, 28.0] 0.996 26.3%

Compressive strength
(field, pooled 3 mines) — 7.8 6.9–8.8 1 — 9.0%

Note 1 Range of per-mine rate constants (Mine 1: 6.9; Mine 2: 7.9; Mine 3: 8.8 × 10−3 month−1),
computed from the mean 48 h production-control strength and the corrected mean core strength after
approximately 12 months of service.

3.2. Coupled Degradation: Correlation Structure, Multivariate Tests, and Proxy Monitoring

Figure 4 and Table 8 present the Pearson correlation matrix among the interval means
of the three properties. All pairwise correlations equal or exceed r = 0.996 (p ≤ 0.001).

The strong pairwise correlations imply that the means for the three mechanical
properties largely followed the same trend over the five exposure ages, but since these
coefficients resulted from a shared temporal trend and a small number of interval means,
they should not be construed as proof of direct causality or of a single degradation mech-
anism. The results show statistically significant co-variation under the conditions tested,
while potential mechanisms including leaching, carbonation, corrosion, or microcracking
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should remain mechanistic hypotheses until verified independently by microstructural
or chemical data.

Figure 4. Pearson correlation matrix among the three mechanical properties (interval means,
0–12 months).

Table 8. Pearson correlation matrix among mechanical properties (exposure-age means).

Variable Compressive Splitting Tensile Pull-Out
Resistance

Compressive strength 1.000 0.998 0.998
Splitting tensile strength 0.998 1.000 0.996
Pull-out resistance 0.998 0.996 1.000

The observed co-variation has a potential practical implication for asset manage-
ment because compressive strength can be evaluated in service through routine core
testing, whereas splitting tensile strength and fiber–matrix bond are more difficult to
measure directly in installed support. Under the laboratory conditions investigated, the
ratio k_pull-out/kcomp was approximately 1.18. However, this ratio was obtained from one
laboratory mixture exposed to one controlled humidity regime, and fiber–matrix bond
degradation was not measured directly in the field. Consequently, compressive-strength
loss should be used only as a screening indicator of possible broader mechanical deteriora-
tion, not as a quantitative substitute for bond or post-cracking performance. A relevant
reduction in core strength should trigger complementary inspection or direct testing rather
than an automatic conversion into an estimated bond-strength loss.

The multivariate results are summarized in Table 9. The one-way MANOVA indicated
a statistically significant effect of exposure age on the joint mean vector of compressive and
splitting tensile strength (Wilks’ λ = 0.0025, F(8,48) = 112.8, p < 0.001; Pillai’s trace = 1.303,
F(8,50) = 11.7, p < 0.001). The agreement between the Wilks and Pillai criteria supports
the conclusion that the combined strength response differed among exposure ages. This
analysis complements the individual ANOVA results but does not establish a causal
relationship between the two properties and does not include the pull-out data. Figure 5
illustrates the separation of the five exposure-age groups in the compression–splitting
tensile strength plane.
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Table 9. Multivariate tests of the coupled degradation.

Test Statistic Value F df p

MANOVA (comp., tens. vs. exposure age) Wilks’ λ 0.0025 112.8 (8, 48) <0.001
MANOVA (robustness) Pillai’s trace 1.303 11.7 (8, 50) <0.001
PCA (3 properties, standardized means) PC1 variance explained 99.8% — — —
PCA (PC1 score vs. exposure time) Pearson |r| 0.9999 — — —

Figure 5. Joint evolution of compressive and splitting tensile strength across exposure ages (individual
specimens, n = 6 per age; shaded regions: two-standard-deviation covariance ellipses per group;
diamonds: group centroids). The systematic migration of the joint mean vector is the effect quantified
by the MANOVA.

The PCA was used as an exploratory summary of the three standardized mechanical-
property trajectories (Figure 6). The first principal component accounted for 99.8% of the
variance and showed similar loadings for compressive strength, splitting tensile strength,
and pull-out resistance (−0.578, −0.577, and −0.577, respectively). Its score was strongly
associated with exposure time (|r| = 0.9999), indicating that the three properties shared
a dominant temporal trend within the present dataset. However, the analysis was based
on only five interval means and should not be interpreted as validation of a universal
degradation variable or as evidence that one mechanical property can quantitatively replace
the others. Its use here is descriptive and exploratory.

It is important to keep in mind the number of exposure ages when interpreting the
findings from the two forms of analysis. The correlation and PCA analysis used five
interval means to assess the relationships among the properties, and this likely contributed
substantially to the high coefficients since all three properties changed monotonically with
time. So, while these results describe the internal structure of the data at hand, they cannot
be treated as precise estimates of population relationships or evidence of causality and
should not be used to substantiate a quantitative proxy between mechanical properties.
The MANOVA was run using the individual values from the compressive and splitting
tensile tests and provides evidence that the combined compressive and splitting tensile
response differed across exposure ages; however, it is not evidence for validating the
relationship between fiber–matrix bond and compression. Furthermore, there is a need for
more exposure conditions, other material systems, and direct measures of tensile and bond
performance in the field to substantiate the theorized relationships.
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Figure 6. Principal Component Analysis (PCA) of the three degradation trajectories: (a) variance
explained by each component, with PC1 loadings; (b) PC1 score versus exposure time (|r| = 0.9999),
illustrating the dominant temporal trend identified by the exploratory PCA.

3.3. Field Campaign: Degradation in Three Operating Silver Mines

Table 10 lists the location-level mean 48 h compressive strength results from the 2025
quality-control campaign at the ten application sites per mine, and Figure 7 compares them
with the strength of cores extracted from the same locations after approximately 12 months
of service.

Table 10. Mean 48 h production-control compressive strength of shotcrete at ten application sites per
mining unit (March 2025 campaign, ISO/IEC 17025-accredited laboratory).

Mine Location-Level Mean Results (MPa) Mean (MPa)

Mine 1 22.3, 20.5, 20.2, 24.1, 24.4, 20.1, 19.8, 25.7, 24.0, 23.2 22.43
Mine 2 20.2, 21.3, 18.2, 21.2, 18.9, 21.2, 20.5, 21.0, 22.3, 21.0 20.58
Mine 3 20.2, 20.1, 22.1, 23.0, 22.1, 19.2, 22.6, 19.8, 22.5, 20.9 21.25

Note: sampling sites comprise ramps, accesses, and headings at depths between levels N-420 and
N-880 (Mine 1) and equivalent workings in Mines 2 and 3; the 48 h test age was established as the
field reference for the degradation assessment, with each supplier dosing a set accelerator to meet the
early-age target.

Figure 7. Compressive strength of production shotcrete in three underground silver mines: mean
48 h production-control strength versus cores extracted after approximately 12 months of service
(mine means; percentage labels denote relative loss).
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The mean 48 h compressive strengths were 22.43 MPa for Mine 1, 20.58 MPa for Mine 2,
and 21.25 MPa for Mine 3. Although these measured means were below the nominal project
target of 24.5 MPa, they represent the actual production-control performance at each mine
and were therefore used as mine-specific field baselines rather than as evidence of target
compliance. These values show that the three production mixtures had comparable early-
age strength levels despite differences in suppliers, mixture proportions, and application
crews. However, similarity in the mean values should not be interpreted as evidence that
the mixtures were compositionally or statistically equivalent. Degradation was therefore
calculated separately for each mine, while the pooled value was used only as an overall
descriptive summary of the field campaign.

The mean compressive strength decreased from 22.43 to 20.64 MPa in Mine 1, from
20.58 to 18.73 MPa in Mine 2, and from 21.25 to 19.13 MPa in Mine 3, corresponding
to apparent reductions of 8.0%, 9.0%, and 10.0%, respectively. The pooled field mean
decreased from 21.42 to 19.50 MPa, representing an apparent reduction of 9.0%. The same
directional change was observed in all three mines despite differences in suppliers and
operating conditions. Nevertheless, the field comparison does not independently separate
humidity-related degradation from continued hydration, blasting, maintenance activities,
water inflow, or other site-specific influences.

The apparent field degradation rate was lowest in Mine 1 (6.9 × 10−3 month−1),
intermediate in Mine 2 (7.9 × 10−3 month−1), and highest in Mine 3 (8.8 × 10−3 month−1).
These differences may reflect variations in mixture proportions, application practices,
ventilation, water inflow, blasting, maintenance activities, or other site-specific conditions;
their individual contributions cannot be isolated from the present field dataset. Although
the field rates were lower than the chamber rate, this comparison does not demonstrate that
sustained humidity was the sole or dominant cause of the observed strength reductions.

3.4. Laboratory-to-Field Transfer: The Environmental Acceleration Factor

Figure 8 superimposes the normalized chamber and field compressive-strength tra-
jectories. The ratio between the chamber rate constant and the pooled field rate constant
produced an apparent acceleration factor, AF = kchamber/kfield = 20.8/7.8 ≈ 2.7, with a per-mine
range of 2.4–3.0. This value represents a preliminary empirical calibration for the materials,
exposure conditions, and approximately 12-month observation period investigated. It
should not be interpreted as a universal conversion factor for other shotcrete mixtures,
mines, environmental conditions, or longer service periods.

Within the fitted model, applying AF ≈ 2.7 would correspond to approximately
32 months of field service for 12 months of chamber exposure. However, this time con-
version extends beyond the approximately 12-month field observation period and must
therefore be regarded as an extrapolation rather than a directly validated equivalence.
During the common 12-month observation window, the chamber compressive-strength
loss was approximately 22%, whereas the pooled apparent field loss was approximately 9%.
The chamber trajectory may consequently be used as a conservative experimental reference
for the conditions investigated, but not as a code-based design limit or acceptance criterion
without additional long-term validation.

The difference between the chamber and field rates is consistent with the contrast
between continuous near-saturated exposure in the chamber and the variable conditions of
operating mines, where ventilation and intermittent surface drying occur. Nevertheless,
continuous site-specific humidity histories were not recorded, and the field specimens were
also influenced by differences in mixture composition, application, water inflow, blasting,
and maintenance. Therefore, the apparent acceleration factor cannot be interpreted as a
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direct measure of the proportion of time that the field shotcrete remained saturated. The
observed per-mine range of 2.4–3.0 describes the variability of the present dataset only.

Figure 8. Laboratory-to-field transfer of degradation kinetics for compressive strength. The shaded
band spans the three per-mine field rate constants; square markers indicate retention at 12, 24, and
36 months. Values beyond the 12-month experimental window are extrapolations of the fitted models.

The apparent acceleration factor may be useful for designing future extended labora-
tory and field monitoring programs. However, the present experiment does not validate
conversions based on chamber exposures longer than 12 months or service periods ex-
tending several years. Any time equivalence beyond the common 12-month observation
window should therefore be reported explicitly as a model-based extrapolation and verified
through additional measurements.

Table 11 presents the compressive-strength retention factors calculated from the cham-
ber and field rate constants. The 12-month values correspond to the experimental obser-
vation window, whereas the 24- and 36-month values are mathematical extrapolations of
the fitted exponential models. The field-calibrated values are 0.91, 0.83, and 0.75 at 12, 24,
and 36 months, respectively, while the chamber-derived values are 0.78, 0.61, and 0.47.
These projections illustrate the effect of the different fitted rates but should not be used as
validated long-term design factors. Bond-retention values were not projected from the field
compressive-strength model because fiber–matrix bond was not measured directly in the
operating mines.

Table 11. Model-calculated compressive-strength retention factors R(t) = e−kt based on the chamber
and field rate constants.

Service Time Field-Calibrated Model,
k = 7.8 × 10−3 Month−1

Chamber Model,
k = 20.8 × 10−3 Month−1

6 months 1 0.95 0.88
12 months 0.91 0.78

24 months 1 0.83 0.61
36 months 1 0.75 0.47

1 The 6-month field value is a model estimate within the observation window; the 24- and 36-month
values from both models are extrapolations beyond the 12-month experimental period and require
long-term validation.
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4. Discussion
4.1. Degradation Mechanisms and the Vulnerability of the Fiber–Matrix Interface

The similar rates observed for compressive and splitting tensile strength are consistent
with a broad deterioration of the cementitious matrix under sustained humidity exposure.
However, similar trends in mechanical values do not necessarily represent a common phys-
ical or chemical degradation mechanism. The qualitative observations of white deposits,
surface residues, and mild fiber oxidation after 6 months are consistent with the same
processes reported for cementitious materials in humid environments, including leaching,
carbonation, and microcracking [10,13,14,17]; however, these processes were not explicitly
determined in the current study. Similarly, the exponential fit describes the measured
mechanical behavior during the 12-month period but should not be understood as direct
evidence of transport-controlled degradation. To assess the relative importance of these
potential mechanisms, microstructural and chemical analysis would have to be performed.

The higher apparent rate of pull-out resistance loss (k_pull-out/k_comp ≈ 1.18) is an im-
portant mechanical finding. Previous single-fiber pull-out studies under wet–dry chlo-
ride exposure have reported that moderate rust formation may initially increase bond
through surface roughening, with deterioration occurring at more advanced corrosion
stages [18–20]. The monotonic reduction measured in the present study, together with only
slight visible oxidation, differs from that reported behavior. Nevertheless, the available
evidence is insufficient to determine whether the difference resulted from interfacial de-
calcification, matrix softening, reduced frictional interlock, corrosion products, or another
process. Alteration of the more porous interfacial transition zone provides a plausible
explanation based on previous literature [21], but it remains a hypothesis requiring mi-
crostructural and chemical verification.

The higher rate of pull-out resistance loss indicates that the bond-related response was
more sensitive under the sustained-humidity laboratory conditions than the compressive
and splitting tensile responses under the same conditions. This result is qualitatively
consistent with previous observations that aging may affect the post-cracking behavior
of fiber-reinforced shotcrete [9]. However, a single-fiber pull-out test does not quantify
full-scale ductility, energy absorption or structural reliability. The practical implication is
that routine compressive-strength testing may not detect all bond-related effects, and it
should be supplemented with some form of inspection or direct performance testing where
deterioration is suspected.

4.2. Comparison with the Literature

The 12-month laboratory losses measured in this study, ranging from approximately
21% to 26%, are of a comparable order but slightly higher than the values of approximately
15–20% reported for fiber-reinforced cementitious materials under wet or chemically ag-
gressive exposure [44,45]. Previous studies have also reported continued deterioration of
fiber-reinforced shotcrete between one and two years, with the response depending on the
accelerator and exposure conditions [22]. The somewhat larger reductions observed here
may be associated with the continuous 95–100% relative-humidity regime and constant
nebulization. Nevertheless, differences in mixture composition, curing, test configuration,
and environmental exposure prevent a direct quantitative comparison or confirmation that
the same degradation mechanisms governed all studies.

Previous laboratory–field studies have primarily examined early-age or 28-day proper-
ties [28], site-specific design characterization [8], or retrospective analyses of field observa-
tions conducted separately from laboratory aging programs [17,22]. The main advancement
in the current research is the simultaneous use of controlled 12-month exposure and field
observations in three operating mines, allowing comparison of normalized compressive-
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strength rates over a common observation period. The resulting acceleration factor pro-
vides an initial empirical quantitative link between the laboratory and field exposure tracks
within the present dataset [25–27]. However, it does not produce a generic correction
for saturated chamber testing or validate multi-year service life conversions. Additional
long-term paired laboratory and field exposures would be required before the relationship
could be generalized for substantially longer durations.

Külekçi [28] found differences between specimens prepared and field-applied fiber-
reinforced shotcrete, underscoring the impact of specimen preparation, application, and
curing conditions on measured response. This paper advances the comparison by char-
acterizing normalized time-dependent changes rather than absolute laboratory and field
strength comparisons. For the 12-month time span examined, the chamber compressive-
strength rate was about 2.7 times that of the pooled apparent field rate. While this result
reinforces the utility of paired laboratory and field programs for interpreting accelerated
exposure data, its generalizability to other materials and/or environmental conditions is
limited in this investigation.

4.3. Implications for Design, Standards, and Monitoring

The current guidelines for sprayed concrete focus mainly on performance criteria
at initial and early service ages, including strength, fiber content, and energy-absorption
classes, among other aspects [23,24]. While they provide little guidance on how to represent
changes in mechanical properties over time, Table 11 presents modeled retention values,
which indicate how aging could be incorporated into future durability evaluations. The
24-month and 36-month values are modeled extrapolations and should not be applied as
normative design factors in the meantime. These values might primarily be used to carry
out sensitivity analyses or plan for monitoring, or to determine where additional testing
would be useful. Any performance assessment models or numerical models for structural
verification would require project-specific validation, with longer observation times and
direct post-cracking performance assessment [46–48].

Before normative adoption, the results support a preliminary monitoring strategy for
humid underground shotcrete. First, each monitored location should have a documented
early-age reference strength, preferably the mean 48 h production-control value, together
with its mixture, application date, supplier, and relevant environmental conditions. Second,
periodic core testing can be used to compare the retained compressive strength with the
location-specific baseline and identify headings that deviate from their established history.
A reduction exceeding normal test variability should trigger inspection of water inflow,
ventilation, visible damage, application records, and, when post-cracking performance
is important, direct panel or bond-related testing rather than an inferred bond value.
Third, possible mitigation measures, including improved water management, mixture
optimization, corrosion-protected steel fibers, or structural synthetic fibers [44,45,49] should
be selected and validated according to the specific exposure and structural requirements of
each mine.

One potential pathway toward future standardization may involve the establishment
of “categories of underground humidity exposure,” such as ventilated-humid and contin-
uously saturated conditions, with recommended monitoring and durability-assessment
procedures outlined. The establishment of class-specific rates of deterioration will require
collaborative laboratory and field data covering multiple mixtures, districts/mines, cli-
mates, geology, and practice. Such evidence would then begin to provide a basis for useful
standards or recommendations associated with documents such as EN 14487-1 and ACI
506R [23,24]. In the meantime, factors determined from this research should be used to
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inform research goals for the specific locations evaluated, not as normative factors or as
values applicable to other designs or situations.

4.4. Limitations and Future Research

The limitations described above represent the limits within which the results can be
applied and define specific points for extending the research:

(i) The experimental observation period was limited to 12 months. Consequently, the
24- and 36-month retention values presented in Table 11 are extrapolations of the
fitted models rather than directly measured performance. Although five laboratory
exposure ages were sufficient to evaluate the fit within the observed window, they
do not establish whether the degradation rate remains constant, decreases, or is
affected by a change in mechanism at longer durations. Extended laboratory and
field campaigns are required to verify the long-term trajectory and formally compare
alternative kinetic descriptions, including exponential, bilinear, and Weibull-type
models [27].

(ii) The field baseline for the estimation of mine-specific parameters was the average
production-control strength at 48 h, while the follow-up measurement was made after
roughly 12 months of service. Since only these two field ages were available, the
estimated per-mine rate constants are apparent two-point estimates and not indepen-
dently fitted multi-age field trajectories. Continued hydration after 48 h and variations
in accelerator formulation and dosage as well as other mixture-specific effects could
not be disentangled from environmental and operational variables. Future work
should include intermediate field ages and companion specimens stored convention-
ally and in-mine to separate the maturation and deterioration processes [16,22].

(iii) The chamber maintained controlled temperature and near-saturated humidity but
did not simulate chlorides, sulfates, acidic groundwater, corrosive gases, thermal
cycling, blasting disturbance, or sustained mechanical loading found in underground
mines [10,14,15]. Additionally, the on-site observations accounted for several aspects
of these operational and environmental influences without an assessment of their indi-
vidual contributions. Therefore, the apparent acceleration factor cannot be attributed
to humid conditions alone or easily transferred to chemically or mechanically distinct
environments. Exposure to chlorides or wet-dry cycles may create a qualitatively
different bond response related to corrosion and rust formation [18,19].

(iv) The study did not include SEM, XRD, chemical analysis, porosity, or quantitative
microscopic characterization to investigate the fiber–matrix interfacial transition
zone. Consequently, leaching, carbonation, corrosion, microcracking, and interfa-
cial decalcification should be regarded as literature-supported hypotheses rather than
mechanisms confirmed by the present observations. Future tests should implement
mechanical tests and microstructural/chemical characterization at the same exposure
ages to assess the relationship between pull-out resistance and changes in the matrix
and interface.

(v) The field study encompassed three mines and three independent shotcrete suppliers;
nevertheless, all sites were within the same mining district, and all were observed
over a period of about a year. Moreover, the chamber kinetics were developed from
the application of one laboratory reference mixture under one controlled exposure
regime. The combination of three operations improves the assessment of consistency
across the participating sites but does not establish overall applicability. Further
validation should include other mixtures of shotcrete, mining districts, climates,
geological settings, support configurations, and application protocols before broader
applicability can be established.
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5. Conclusions
This research combined a 12-month controlled laboratory exposure study with field

observations in three active underground silver mines to assess time-dependent properties
of a steel fiber-reinforced shotcrete lining. The laboratory track evaluated compressive-
strength response, splitting tensile strength, and single-fiber pull-out resistance at 0, 3,
6, 9, and 12 months. The field track evaluated compressive strength by considering the
mean 48 h production-control strength as the reference point and by extracting cores after
approximately 12 months of service. Through the two tracks, normalized compressive-
strength changes were compared and a preliminary laboratory-to-field calibration was
derived. The main points are:

1. Under sustained near-saturated conditions (95–100% RH), all three laboratory-measured
properties decreased during the 12-month period and were well described by first-order
exponential models within the observed window (R2 > 0.99). Compressive strength
decreased from 45.0 to 35.1 MPa (−22.0%; k = 20.8 × 10−3 month−1), splitting tensile
strength from 4.20 to 3.30 MPa (−21.4%; k = 20.2 × 10−3 month−1), and mean single-
fiber pull-out force from 475 to 350 N (−26.3%; k = 24.6 × 10−3 month−1). ANOVA
confirmed significant differences among exposure ages for compressive and splitting
tensile strength (p < 0.001). The exponential models describe the measured trajectories
but do not, by themselves, establish a specific degradation mechanism or validate
behavior beyond 12 months.

2. The apparent rate constant for single-fiber pull-out resistance was approximately 18%
higher than that for compressive strength (k_pull-out/k_comp≈ 1.18). After 12 months,
the compressive-strength response retained approximately 78% of its initial value,
whereas pull-out resistance retained approximately 74%. This result indicates that the
laboratory pull-out response was more sensitive under the tested exposure conditions.
However, it does not directly quantify degradation of the interfacial transition zone,
full-scale post-cracking performance, structural ductility, or embrittlement risk; these
aspects require complementary mechanical and microstructural testing.

3. The three laboratory-measured properties showed closely aligned temporal trends.
Pairwise Pearson correlations among the five exposure-age means were r ≥ 0.996,
while PCA identified a first component accounting for 99.8% of the standardized
trajectory variance. MANOVA also indicated that the combined compressive and
splitting tensile response differed significantly among exposure ages (p < 0.001).
However, the correlation and PCA results are based on only five interval means and a
shared monotonic time trend. They should therefore be interpreted as exploratory
descriptions of co-variation, not as evidence of causality, a single physical damage
mechanism, or a universal latent degradation variable.

4. Routine compressive-strength core testing can provide a practical screening indicator
of time-dependent mechanical change in installed shotcrete. However, because split-
ting tensile strength and fiber–matrix bond were not measured directly in the field,
compressive-strength loss cannot be used to quantitatively estimate their deterioration.
The laboratory ratio kpull-out/kcomp ≈ 1.18 is specific to the reference mixture and
controlled exposure investigated. A relevant reduction in field compressive strength
should therefore trigger complementary inspection or direct post-cracking testing
rather than an automatic conversion into an estimated bond loss.

5. Using the mean 48 h production-control strength as the field reference, the corrected
compressive strength measured after approximately 12 months was lower in all three
mines. The apparent reductions were 8.0% in Mine 1, 9.0% in Mine 2, and 10.0% in Mine
3, with a pooled apparent reduction of 9.0%. The corresponding two-point rate constants
ranged from 6.9 to 8.8 × 10−3 month−1, with a pooled value of 7.8 × 10−3 month−1. The
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consistent direction across the three operations strengthens the field evidence, but the
design cannot isolate humidity-related degradation from continued hydration, mixture
differences, blasting, ventilation, water inflow, or other operational influences.

6. Comparison of the chamber and field compressive-strength rate constants produced
an apparent laboratory-to-field acceleration factor, AF ≈ 2.7, with a per-mine range of
2.4–3.0. This value constitutes a preliminary empirical calibration for the materials,
sites, and approximately 12-month observation period investigated. The implied
equivalence between 12 chamber months and approximately 32 field months is a
model-based extrapolation rather than a directly validated service-life conversion.
Therefore, the factor should not be regarded as universal or be transferred to other
environments without validation, or interpreted as a direct measure of the time that
field shotcrete remains saturated.

7. The field-calibrated model gave compressive-strength retention values of 0.91 at
12 months, 0.83 at 24 months, and 0.75 at 36 months. Only the 12-month value is
within the observation period of the study; the 24- and 36-month values are mathe-
matical extrapolations that would require long-term verification. These values may
support sensitivity analyses and initial monitoring planning, but should not be used
as normative design multipliers or code-related resistance factors. Bond retention
factors could not be developed for field service, since fiber-matrix bond was not
measured directly in the operating mines.

All these results pertain directly to the three participating operations in the Zacatecas
mining district and give an initial framework for monitoring shotcrete in other humid
underground environments. The most immediate application is establishing a location-
specific 48 h reference strength followed by periodic core testing to investigate variability
from that historical baseline. Compressive-strength monitoring should be used as a screen-
ing tool and complemented by direct bond or post-cracking assessment when deterioration
is suspected, and wider applications of kinetic parameters, retention values, or mitiga-
tion measures require validation for each project in terms of the mixture characteristics,
exposure conditions, geological setting, and structural requirements.

Aside from the quantitative results collected, the laboratory–field framework can be
applied as a methodology. Other researchers, as well as mining operations, can apply
synchronized controlled-exposure and field-monitoring techniques to perform site- and
material-specific rate comparisons. The numerical values and fitted parameters reported
here should not be transferred directly; however, replication of the paired methodology
across mixtures, locations, and climates could provide the evidence needed to develop
future durability-exposure classifications and monitoring guidance for steel fiber-reinforced
shotcrete. This study represents a starting point toward quantitatively connecting acceler-
ated laboratory observations with observations from underground service.
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