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Abstract This study investigates free water effect on

the dynamic tensile properties of mortar. Fully satu-

rated and saturated-then-redried mortar specimens

with two porosities, namely common and high-poros-

ity, are prepared and tested under quasi-static and

dynamic split-tension states covering strain rates

between 1.49e-06s-1 and 5.29s-1. The split-tensile

strength and elastic modulus at different strain rates

are quantified. Comparing the dynamic increase factor

(DIF) for mortar tensile strength, a maximum differ-

ence of 1.2 at strain rate 5 s-1 is found between

saturated and dried high-porosity mortars revealing

the influence of free water. The testing data is

compared with other existing data which shows the

mortar water effect is more similar to concrete than

limestone and sandstone. The high-speed camera

images during the dynamic tests are analysed which

revealed a water retarding effect on the dynamic split-

tension failure process, resulting in an initial crack

delay of up to 0.4 ms due to free water. The wave

speed for different mortar specimens at different strain

rates is analysed, which shows that higher porosity is

more sensitive to the water effect. Possible mecha-

nisms leading to this water effect is discussed. Overall,

the study provides a quantitative measure of the water

enhancing effect on the dynamic tensile strength of

mortar and offers insights into the practical use of

water in the design and construction of mortar

structures.

Keywords Free water � Saturation effect � Hydric
deterioration � Split tension � SHPB � Porosity

1 Introduction

Concrete and mortar are porous materials comprising

of small and large pores as well as micro-cracks.When

submerged in water, these pores and cracks will be

filled with water which therefore changes the mechan-

ical properties of concrete and mortar. In the mean-

while, it is known that materials would behave

differently under quasi-static and dynamic loading

conditions [1–6]. During the service life of a structure

such as a dam, bridge pier, etc. it would be in an

underwater environment could experience dynamic

loading conditions like an earthquake, vehicle or ship

impact, falling rock, and deliberate or accidental
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explosion loading; therefore, it is important and

valuable to quantify the influence of free water on

the dynamic material properties of these materials.

There are a few studies that have investigated the

concrete and mortar material properties under satu-

rated and dry states [7–12], but the conclusions were

radically different due to different concretes with

different strengths and porosities, etc., were used in the

studies. For instance, some researchers reported the

reduced compressive material strength in saturated

concrete at quasi-static states, which indicates soften-

ing effect induced by free water. But an equivalent or

even higher strength was reported on saturated con-

crete specimens at a high strain rate, indicating the

more pronounced strain rate effect on the saturated

concrete [10, 13–16]. This phenomenon is attributed

to meniscus cracking under the influence of free water.

For brittle materials, when they are subjected to

dynamic loading the stress wave will propagate

through specimens quickly leaving not be sufficient

time for cracks to initiate and develop at weaker

sections of the specimen. Hard core material crushing

resulting in the increased strength of the material.

Thus, most brittle materials are sensitive to strain-rate

effect irrespective to dry or saturated status [17–20].

Therefore, it is difficult to distinguish whether the

observed enhancement is contributed by loading rate

or by free water enhancement. On the contrary, Yan

and Lin [8] tested dry and saturated concretes using a

servo-hydraulic testing system and found a 41%

decrease in tensile strength at strain rate 10–6 s-1

and a 22% decrease at strain rate of 1 9 10–0.3 s-1 on

saturated concrete specimens. Wu et al. [18] tested

flexural strength of saturated concrete at strain rates in

the range of 10–6 s-1and 10–3 s-1, where a reduced

strength was also found. Similarly, Petrov et al. [19]

and Huang et al. [21] and Huang et al. [22] tested

limestone and sandstone, respectively, and also found

apparent tensile strength reductions on their saturated

samples under quasi-static states, but the reduction

declined as the strain rate increased. Recently, Zhou

et al. [23] showed that both dry and saturated

sandstone were rate sensitive, and an almost constant

fracture toughness reduction on saturated sandstones

was found. There is no consensus about enhancing or

weakening effects of water on material strength which

are coupled with the strain rate effect on the dynamic

material properties of concrete and mortar.

There are several explanations for the mechanism

of free water acting on porous materials, which can be

summarised as follows:

(a) Water enhancement effect due to confinement.

When loaded, the water pore pressure will

increase resulting in extra strength in the

saturated specimen than that compacted with

air. Previous study by Jin et al. [15] supported

this assumption. A three-phase sphere model

was proposed which demonstrated that water

within pores could limit the deformation of solid

matrix nearby leading to a higher Poisson’s ratio

and Young’s modulus of saturated concrete

specimens in comparison to dry ones. Similarly,

a recent numerical study [24] also proven that

the wet concrete stiffness is improved due to the

free water inside the pores limits the deforma-

tion of the surrounding mortar matrix. Previous

study on saturated sandstone [22] also found a

higher dynamic tensile strength which was

attributed to the confinement by water pore

pressure. Nevertheless, it is clear whether this

strength increase is due to dynamic material

property or water enhancement effect as the

strain rate effect also increase the material

strength.

(b) Water enhancement effect because of surface

tension or adhesive force and the attraction force

between solid particles. In the nano-scale, the

amount of water and silicon exhibit adhesive

force [25, 26]. The contact surface between

particles showed that pulling-off force would

increase with the rise of relative humidity

[27, 28]. The adhesion is dependent on the size

of contact and surface roughness, i.e., smaller

hydrophilic contacts show a more pronounced

increase in adhesion than large hydrophilic

contacts.

(c) Water enhancement effect attributed to viscos-

ity effect or Stefan effect. Viscous force could

be produced by water interaction with thin

layers of the concrete. Rossi [13] depicts Stefan

effect analytically as F ¼ 2Vr cos h
h2 þ 3nV2

2ph2 � dh
dt .

When the two surfaces slides at a velocity (V),

an opposing force (F) will be produced on the

surfaces of an existing crack with a gap (h).

Recently, Gu et al. [29] found that both material

porosity and water content could influence the
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liquid film strengthening effect. More apparent

cohesive force is observed when the distance of

the particle is smaller, which means for a

material with higher porosity, less water

enhancement effect could be expected. And

the adhesive force between particles will

increase with the rise of water content until an

optimal liquid bridge volume is reached, after

which the force will gradually reduce.

(d) Water softening effect due to bursting of pore

water to reduce the strength of a material. Water

within the gel pore will be loaded when a

saturated porous specimen is loaded. It will

impose an internal hydro pressure on the

surrounding skeleton structure, which would

result in crack splitting tensile force, and further

reduces the strength of a material [30]. Recent

laboratory testing data [31–34] showed that the

free water in the pore led to the compressive

strength of saturated concrete weakening. Free

water particles within voids and cracks could

alter the loading path of the solid skeleton,

which produces crack splitting force; and the

strength degradation would be more significant

as material porosity rises [31]. A recent study

[33] investigated the compressive strength of

the water-saturated concrete, and concrete with

recycled with low to high water absorption,

respectively. The results showed that the com-

pressive strength of water-saturated concrete is

lower than dry concrete. The compressive

strength further decreases with the increase of

concrete porosity. Also, the fatigue life of

saturated concrete is significantly reduced and

the compressive fatigue failure mode shifted

from splitting failure in dry concrete to com-

bined splitting and shearing failure in saturated

concrete and shear failure in water submerged

concrete [34]. Since there is not sufficient time

for water to flow out of a specimen when it is

subjected to dynamic loading. The bursting

effect could be more substantial. However, the

bursting effect cannot bemeasured at the macro-

level; therefore, no solid evidence can support

this theory.

(e) Water softening effect due to hydric expansion.

Expandable materials such as clay in concrete

and mortar, despite very small quantity, would

expand when absorbing free water. It thus leads

to micro-cracking in concrete and mortar spec-

imens and deteriorates material mechanical

properties. A recent study [35] was performed

on the cracking mechanisms of concrete struc-

tures in the saturated and unsaturated zones of

the foundation using microscopy technologies.

It was found that concrete cracking was related

to the combined effect of freeze–thaw deterio-

ration and Alkali-Silica Reaction (ASR) of shale

particles. A recent study by the authors on

dynamic compressive properties of dry and

saturated mortars provided evidence to support

this hydric expansion induced softening

effect.

Most of the above explanations are primarily based

on theoretical assumptions and lack direct supporting

evidence. The above mechanisms could occur indi-

vidually or be effective simultaneously which depends

on the loading rate, moisture content and the material

tested. Therefore, the static and dynamic free water

effect on the material is still not fully understood.

Although, the field of concrete deterioration and

improvements has seen several advances, such as

innovative materials [36], advanced detecting tech-

nologies [37], repairing methods [38, 39] and retro-

fitting techniques [40] to enhance the durability and

resilience to reduce the environmental impact on

concrete. Among all, the recent advanced studies on

micro-nano filler have proven to be a new effetely

method to improved material pore structure [41].

Studies such as nanoparticles, nanofibers, nanotubes,

and nanosheets, can improve the mechanical perfor-

mance, wear resistance, and durability of cementitious

composites [42]. For example, A study [43] use of

pozzolanic nanofillers has been found to significantly

enhance the fatigue performance of reactive powder

concrete (RPC) by reducing initial defects, inducing

compact hardened concrete matrix, and modifying the

interfacial transition zone (ITZ) through the nanocore

effect. In the study of Geopolymer concrete [44],

nano-titania has been found to improve compressive,

flexural, and splitting tensile strength. The benefits

such as homogenization and densification of the

matrix and reduces fluid permeability have been

mathematically quantified from studies [45, 46] Over-

all, Nanofillers can increase material compactness,

and enhance the internal space of cement particles as

an effective binder material.

Materials and Structures (2023) 56:123 Page 3 of 21 123



To address mortar deterioration issues more effi-

ciently, This study quantified the softening effect of

free water on the tensile properties of mortar by

comparing the tensile strength of fully dry and

saturated-then-redried mortar specimens without any

additives. This paper focuses on discovering the

potential enhancing effect of free water on the

dynamic tensile properties of mortar. Fully saturated

and re-dried mortar specimens are prepared to elim-

inate the influence of hydric expansion induced

material deterioration. Then, quasi-static and dynamic

tensile tests are conducted to quantify the split-tensile

strength and elastic modulus of mortars under differ-

ent strain rates. The influence of free water in mortar

tensile properties is investigated and quantified. The

deterioration and improvement will be further inves-

tigated in the future studies.

2 Laboratory testing setup

2.1 Specimen preparation

This study aims to investigate the effects of mortar

porosity on the mechanical properties of cement

mortar. To achieve this goal, two types of mortar are

casted with different mix proportions, resulting in

different levels of porosity and strength. The common

mortar is casted with a lower water-to-cement ratio

and a higher cement content, resulting in a denser

structure with a lower porosity and a higher strength.

On the other hand, the high-porosity mortar is casted

with a higher water-to-cement ratio and lower cement

content, resulting in a more porous structure with a

lower strength. Portland cement (3150 kg/m3),

hydrated lime (2200 kg/m3), sand (1610 kg/m3) and

water are mixed with ratios as shown in Table 1. The

specimens are mixed and cast in 100 mm diameter by

100 mm length cylinders, which are then cured in the

curing room for 28 days, following by cutting and

grinding to ensure the surface smooth and parallel and

then treated in two groups for each type of mortar. For

the group of fully saturated specimens, they are soaked

in water tank for 365 days, and the weight of each

specimen is monitored until it is stabilised so as to

achieve the fully saturated (S) states. Half of these

specimens are taken out of water and re-dried in oven

as shown in e, to prepare the other group of saturated-

then-redried specimens (S-D). Table 1 shows the

densities, moisture content and hydric expansion for

common mortar and high-porosity mortar.

2.2 Split-tensile tests

2.2.1 Quasi-static test

The split tensile test, also known as the Brazilian test,

is a standard testing method used to determine the

tensile strength of concrete and other construction

materials. In this study, quasi-static split tensile tests

are conducted on a universal testing system—Shi-

madzu-300 with reference to ASTM-D3967 [47]. The

loading speed is controlled which resulted in a loading

rate of around 1 9 10–5 GPa/s to 1 9 10-2GPa/s on

Table 1 Mortar specifications and properties

Water/

cement

ratio

Mixing ratio

(cement: lime:

sand)

Specific gravity

(cement: lime:

sand)

Density

(dry)

Density

(saturated)

Density

(saturated to

dry)

Moisture

contenta

(saturated)

Hydric

expansionb

kg/m3 kg/m3 kg/m3 mm/m

Common

mortar

0.5 1:1:6 3.15:2.2:1.61 1716 1933 1674 11.2% 0.14

High-

porosity

mortar

0.8 1:1:8 3.15:2.2:1.61 1902 2277 1817 16.5% 0.39

a The moisture content is calculated as w = 1-
qdry
qsat

, where qdry is the density of dry mortar sample and qsat is the density of the

saturated sample

bThe hydric expansion is calculated as DL = 1-
Ldry
Lsat

, where Ldry is the length of dry mortar sample before water immersion and Lsat is

the length of the saturated sample after the 365-day water immersion
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the specimens. Three specimens for each group of

mortar are tested at these two loading rates. The

specimen is placed between two platens of a testing

machine, with a loading cradle to distribute the load

evenly over the specimen and to prevent premature

concrete crushing damage. A compressive axial load is

applied to the specimen using the testing machine,

which causes the specimen to break in tension along

the centre. The strain rate _e is calculated from the

loading rate Drt over the static elastic modulus E as

shown in Eq. (1).

_e ¼ Drt
E

ð1Þ

where t is the time variation of the increasing stress

region.

And the tensile strength rT is calculated using

Eq. (2) as

rT ¼ 2T

pDsLs
ð2Þ

where T is the applied load, Ds is diameter and Ls is

length of the specimen.

2.2.2 Dynamic test

The dynamic split-tensile tests are performed using the

split-Hopkinson Pressure Bar testing system at the

Structural Dynamics Laboratory, Curtin University.

SHPB is a testing method used to investigate the

dynamic behaviour of materials under high strain

rates. The SHPB system used in this study consists of a

0.5 m long striker bar and two long bars, 5 m long

indicant bar (100 mm diameter) for the input of the

stress pulse and a 3 m long transmitter bar for the

output signal; a specimen that is placed in between

incident and transmitted bars for dynamic testing

parameter illustrations. The bars are made of high-

strength tool steel, whose density is 7800 kg/m3 and

Young’s modulus is 200 GPa. A pair of strain gauges

are glued on the surface of the incident and transmitter

bars at mid-length to record stress waves. The striker

bar impacts the incident bar, generating a compressive

stress wave that propagates through the incident bar

and into the specimen then transmitted bar. The

incident and transmitted bars will deform under the

stress wave, which firstly generated with striker to

incident bar propagate through the specimen then to

transmitted bar; all the signals were measured by the

strain gauges.

The SHPB is a high-strain-rate testing apparatus

that was originally developed in the early 1940s by

Bertram Hopkinson then later modified by Davies

[48, 49]. The fundamental assumptions for a split-

Hopkinson Pressure Bar test are: 1) the steel bars are in

elastic state during the test; 2) there is no premature

failure of the tested specimen before stress equilibrium

is reached; c) there is minimized end friction. The

stresses at the interfaces between specimen and the

incident bar (r1)/transmitter bar (r2) are defined and

checked for equilibrium

r1 ¼ Ebðeref: þ einc:Þ ð3Þ

r2 ¼ Ebetra: ð4Þ

where Eb is the Young’s modulus of the bar; eref :, etra:
and einc: are the reflected, transmitted and incident

strains measured on the incident and transmitted bars

by strain gauges.

The strain rate that the specimen experienced ( _e)
can be calculated using Eq. (5)

_e ¼ Cb

Ls
ðeref : þ etra: � einc:Þ ð5Þ

where Cb is the wave speed, Ls is specimen length.

The stress and strain of the specimen can be

expressed as

rs ¼
EbAb

As
etra: ð6Þ

es ¼
2Cb

Lb
r
e
ref dt ð7Þ

where rs is the transmitted stress from the transmitter

bar, Ab and As are the cross-section area of the bars and

the test specimen, respectively, es is the strain of the

specimen, Lb. is the length of the bar.

Figure 1 illustrate a typical group of stress wave

from the incident bar and the transmitter bar. For a

valid test, it should also be able to satisfy the following

conditions: (1) dynamic stress equilibrium is achieved

in the test specimen. The fundamental differences

between dynamic test and static test is that the inertia

effect are wave propagation are pronounced especially

when the specimen is experiencing high strain rates. It

is crucial for the stress and strain within the tested

specimen being uniform; and (2) stress impedance
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between the tested specimen and incident/transmitter

bars should be minimized. Dynamic equilibrium is

carefully checked to ensure the validity of each high-

speed compressive test.

3 Results and discussions

3.1 Test results

The quasi-static test results are shown in Appendix A. For

the common mortar, the saturated specimens have an

averaged quasi-static ( _e = 1.49 9 10-6 s-1) split-ten-

sile strength of 1.09 MPa, while that for the dry

specimen is 1.19 MPa, indicating a slightly higher

strength for dry mortar. As strain rate increases to

1.49 9 10-5 s-1, the averaged split-tensile strength is

1.15 MPa for the saturated mortar specimens in

comparison to 1.23 MPa for the dry specimens with

a difference of 7.3%. At a strain rate of

1.49 9 10-3 s-1, the saturated specimens have an

averaged split tensile strength of 1.25 MPa, and that

for the dry mortar is 1.33 MPa, i.e.,6.4% higher than

the saturated ones. Similarly, for the high-porosity

saturated mortar, the averaged split-tensile strengths

are 0.32 MPa, 0.35 MPa and 0.45 MPa at strain rates

of 3.85 9 10-6 s-1, 3.85 9 10-5 s-1, and

3.85 9 10-3 s-1, in comparison to 0.35 MPa,

0.37 MPa and 0.43 MPa for the corresponding dry

specimens. These results demonstrate that at quasi-

static and low strain rate, free water in mortar leads to

slight reductions in the split-tensile strength of mortar,

but the influence of free water on reducing the split

tensile strength as compared to that of dry mortar

monotonically decreases as strain rate increases. The

influences of free water on the split tensile strength of

common mortar and high-porosity mortar have similar

trend, although the split tensile strength of high-

porosity mortar is substantially lower than the com-

mon mortar.

The dynamic testing results are shown in Appendix

B. Both strain rate and loading rate are used to describe

dynamic testing results in this study. The loading rate is

calculated by differentiating the stress over time. The

linear increment gradient of the stress strain curve for

each specimen from the dynamic test is employed as the

elastic modulus E. The strain rate covers a range from

0.94 s-1 to 2.94 s-1 for common mortar and 1.5 s-1 to

5.29 s-1 for the high-porosity mortars. For the common

mortar, the split-tensile strength of the saturated

specimens increases from about 1.32 MPa to

2.25 MPa, while that of the dry specimens increases

from about 1.45 to 2.20 MPa, both showing an

increasing trend with strain rates. The strength of

saturated specimens appears to be slightly higher than

those of the dry specimens at similar strain rates,

indicating enhancing effect. Similarly, for the high-

porosity mortar, the split-tensile strength of saturated

specimens ranges from 0.53 to 1.07 MPa, which shows

higher strength than those of the re-dried specimens, i.e.

DB-CM-SD (from 0.45 to 0.90 MPa). In Fig. 2, The

enhancing specific ratio show that the existence of free

water enhances the dynamic split-tensile strength of

mortar as strain rate increases. The enhancement is

more significant when porosity is higher because of the
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high water content. These results indicate the saturated

specimen is more sensitive to strain rate effect than the

dry specimen and the strain rate sensitivity increases

with the water content of the specimen.

3.2 Stress–strain curves

Figures 3 and 4 show the stress–strain curves at

different strain rates. As depicted, the split tensile

strengths of both saturated and dry mortars (including

common and high-porosity mortars) are all strain rate

sensitive. The split-tensile strength increases with

strain rate, and the corresponding elastic modulus also

shows a slight increase with strain rate. It is worth

noting that the stresses of the saturated mortars show a

smooth linear increasing trend with larger plastic or

post-peak strains than the dry (SD) mortars, indicating

the saturated mortars have better plastic deformation

capacity. A previous study by Hashiba and Fukui [50]

on dry and wet rock found similar results that the crack

extension resistant force of wet rock was slightly

greater than the dry rock at the same stress.

3.3 Dynamic fracturing process

Figure 5 shows the dynamic fracturing process of typical

mortar specimens at similar strain rates during the

dynamic tests. A high-speed camera captures the images

with a filming rate of 0.4 ms per image. For the dry (SD)

common mortar specimen, as shown in Fig. 6a), a crack

is initiated from the centre of the specimen at t = 0.4ms,

which extends laterally towards the two ends of the

specimen. At t = 0.8ms, the central crack grows wider,

and multiple cracks are developed at the edge at t = 1.2

ms leading to the eventual failure of the specimen. This

observation proves the validity of the dynamic split

tension test. In comparison, for the saturated (S) common

mortar specimen (Fig. 6b), a crack initiates at about

t = 0.8ms from the centre of the specimen, which occurs

later than the dry specimen as shown in Fig. 4a). This

crack quickly extends towards both ends of the specimen

leading to the eventual failure. This comparison demon-

strates that free water inside the mortar could postpone

the cracking instance within mortar specimens. Similar

observation can be found on the high-porosity mortar

specimens, as shown in Fig. 6c and d. It is worth noting

that due to equipment constraints, the exact crack

initiation instant could not be captured, but it is evident

that freewater apparently delays the crack initiation in the

saturated mortar specimens for 0–0.4ms.

Significant differences can be overserved from

comparing both static and dynamic fracturing failure.

1. The stress concentration is more server on much

higher loading rate impact. The fast loading stress

waves much more easier to develop a stress concentra-

tion near the sample edge area from the impact side,

leading a different stress distribution. similarly, studies

found inertia effect is more dominant during dynamic

impacts. 2. Material strain rate sensitivity is found

higher on high-porosity mortar as multiple cracks are

easier to be observed fromdynamic failure ofHPmortar

than common mortar. 3. Sample fragment are radically
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different for static and dynamic failure samples Higher

number of smaller fragment pieces and finer powder

were produced from dynamic test from multiple crack

failure instead only twowhole broken pieces from static

test, such effect is more significant on HP sample as

well. 4.Energy absorption is higher ondynamic samples

due to multiple cracks were formed and more fragment

were broken into pieces which require higher stress to

create multiples failure path.

4 Analysis and discussion

4.1 Water retarding effect

High-speed camera images in Sect. 3.3 show that

crack initiation is delayed in saturated mortar

specimens. To further examine the observation,

transmitted stress waves recorded on the transmitter

bar of the SHPB system for the saturated (S) and dry

(SD) mortar specimens subjected to the same striker

bar velocity are compared in Fig. 6. It can be observed

that the recorded stress wave is affected by the

saturation states of the specimens. The saturated

specimen has a lower increasing gradient as well as

a lower peak stress indicating the water is slowing

down the stress wave transmission and the deforma-

tion of the specimen, which results in a lower material

strength and a lower loading rate (14.7 GPa/s). In

comparison, the dry (SD) mortar specimen experi-

enced a higher loading rate (10.3 GPa/s) during the

dynamic split-tensile test, as indicated in the figure.

The above comparison demonstrates the influence of
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Fig. 4 Dynamic stress–strain curves: a CM-S; b CM-SD; c HP-S; d HP-SD
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free water in the mortar specimen would retard stress

wave propagation in mortar.

The P-wave velocity, Ce, which can be calculated

by Eq. (8), is employed in the analysis to examine the

water retarding effect.

Ce ¼
ffiffiffiffi

E

q

s

ð8Þ

where E is the dynamic modulus of the specimen and q
is the specimen material density.

t=0 ms t=0.4 ms t=0.8 ms t=1.2 ms
a)

t=0 ms t=0.4 ms t=0.8 ms t=1.2 ms
b)

t=0 ms t=0.4 ms t=0.8 ms t=1.2 ms
c)

t=0 ms t=0.4 ms t=0.8 ms t=1.2 msd)

Fig. 5 Dynamic fracturing processes: a CM-SD; b CM-S; c HP-SD; d HP-S

Materials and Structures (2023) 56:123 Page 9 of 21 123



As shown in Fig. 7, the P-wave velocity of the

saturated common mortar obtained based on the

measured modulus and density of the specimens

presented above is apparently smaller than that of

the dry (SD) specimen. Similarly, for the high-porosity

mortar, the wave velocities of the saturated specimens

are also noticeably lower than those of the dry (SD)

specimens. It is apparent that free water in mortar

could slow down the wave speed in the mortar

specimens. It can also be noted that the wave velocity

of the high-porosity mortar is much lower than those

of the common mortar; this is because of the smaller

modulus of the high-porosity mortar due to more

voids.

4.2 Strain rate effect

Testing results in Sect. 3 show the strain rate effect on

the split-tensile strength and modulus of mortar.

Figure 8a and b plot the tensile strengths versus

loading rate. It can be found that the tensile strengths

of the tested mortar show apparent rate sensitivity,

which all increase as the loading rate increases. For the

common mortar, the dynamic tensile strength of the

dry (SD) mortar is 1.45 MPa at a loading rate of 8.92

GPa/s. As the loading rate increases, the strength rises

to 2.20 MPa at a loading rate of 20.71 GPa/s. The

saturated mortar has a slightly lower tensile strength of

1.32 MPa at a loading rate of 6.31 GPa/s, which

increases to 2.25 MPa at a loading rate of 17.94 GPa/s.

The saturated specimens have slightly higher tensile

strength than the dry (SD) specimens at a similar

loading rate. And the difference becomes more

apparent as the loading rate increases. This phe-

nomenon is more prominent in the high-porosity

mortar that a very significant enhancement effect can

be observed on the saturated mortar as compared to the

dry (SD) specimens. The comparison demonstrates

that free water in mortar could provide an enhance-

ment effect on the tensile strength of mortar, which

becomes more significant as the loading rate increases.

This is probably because of water viscosity. The

existence of free water in the cracks and voids within

the mortar specimens provides a viscous force that is

related to the loading rate. It is found that the water

enhancement effect on mortar tensile strength
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Fig. 7 P-wave velocity vs. strain rate a) common mortar; b) high-porosity mortar
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increases with the mortar porosity. This is because,

with more sand and less cement in the high-porosity

mortar, there are more cracks and voids. When

submerged in the water, there is more water in the

saturated specimens; hence water enhancement effect

becomes more significant. Similarly, the modulus

(Fig. 8c and d) also appears to be loading rate

sensitive. For the saturated common mortar, an

average modulus of 7.03 GPa is measured under a

quasi-static loading condition, which increases to 7.0

GPa at 8.92 GPa/s and further increases to 9.4 GPa at a

loading rate of 20.59 GPa/s. A similar trend can be

found on the dry (SD) common mortar specimens,

which nevertheless show the strain effect on the

modulus, instead of the water effect. A similar finding

can be found on the high-porosity mortar that the

modulus is sensitive to loading rate, which neverthe-

less is not related to the free water.

4.3 Empirical equations of DIF

DIF for mortar tensile strength is derived by dividing

the dynamic tensile strength by the averaged quasi-

static strength, and DIF for mortar modulus is

determined by dividing the dynamic modulus by the

averaged modulus measured at quasi-static states.
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Through linear regression on the testing data, trend

lines are generated as shown in Fig. 9. It can be seen

that from a strain rate of 1.5 s-1, the DIF of both

mortar strength and modulus show strong strain rate

sensitivity. Empirical formulae are derived for DIF of

tensile strength and modulus as below:

Common mortar

DIFf ;S ¼ 0:0475 log _eð Þ þ 1:278when10�6 � _e� 1:2
1:818 log _eð Þ þ 1:147when1:2� _e� 10

�

ð9Þ

DIFf ;SD ¼ 0:0403 log _eð Þ þ 1:234when10�6 � _e� 1:3
1:557 log _eð Þ þ 0:978when1:3� _e� 10

�

ð10Þ

DIFE;S ¼ 0:0096 log _eð Þ þ 1:058when10�6 � _e� 1:2
0:733 log _eð Þ þ 0:997when1:2� _e� 10

�

ð11Þ

DIFE;SD ¼ 0:0144 log _eð Þ þ 1:082when10�6 � _e� 1:5
0:916 log _eð Þ þ 0:903when1:5� _e� 10

�

ð12Þ

High-porosity mortar
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Fig. 9 DIF vs strain rate relations: a tensile strength for CM; b tensile strength for HP; c modulus for CM; d modulus for HP
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DIFf ;S ¼ 0:139 log _eð Þ þ 1:742when10�6 � _e� 1:8
3:486 log _eð Þ þ 0:903when1:8� _e� 10

�

ð13Þ

DIFf ;SD ¼ 0:073 log _eð Þ þ 1:397when10�6 � _e� 1:8
1:989 log _eð Þ þ 0:922when1:8� _e� 10

�

ð14Þ

DIFE;S ¼ 0:030 log _eð Þ þ 1:162when10�6 � _e� 1

1:313 log _eð Þ þ 1:155when1� _e� 10

�

ð15Þ

DIFE;SD ¼ 0:0152 log _eð Þ þ 1:077when10�6 � _e� 1:2
1:521 log _eð Þ þ 0:942when1:2� _e� 10

�

ð16Þ

where DIFf ;S and DIFf ;SD are the DIF of tensile

strength for the saturated and dry mortar, DIFE;S and

DIFE;SD are the DIF of modulus for the saturated and

dry mortar, and _e is the strain rate.

4.4 Free water enhancing effect

As discussed in the introduction, both strength soft-

ening and enhancement effects are observed on

saturated and dry concrete and mortar as a result of

free water effect. Our previous study also quantified

water soaking would lead to hydric expansion which

results in strength softening. In the meanwhile, testing

data herein demonstrates free water could also provide

enhancing effect on saturated mortar specimens, while

it appears this enhancing effect is also dependent on

the strain rate that the specimen experiences. To

quantify the influence of free water to mortar tensile

strength, the dynamic strength of a saturated specimen

rs can be expressed as

rS ¼ rmat;QS þ Drdyn � rw;soft þ rw;enhancing ð17Þ

where rmat;QS is the mortar quasi-static strength, and

Drdyn is the dynamic strength increment; rw;soft

represents the hydric expansion induced softening,

and rw;enhancing represent free water induced

enhancement.

The strength of a re-dried (SD) specimen rSD can

be expressed as

rSD ¼ rmat;QS þ Drdyn � rw;soft ð18Þ

Thus, water enhancing effect can be expressed as

rw;enhancing ¼ rS � rSD ð19Þ

A tensile strength enhancing ratio due to free water

enhancing effect,Drt, can be introduced as:

Figure 10 shows the calculated strength-enhancing

ratio as a result of the water effect. It can be seen that

for both the common mortar and high-porosity mortar

tested in this study, under quasi-static and low strain

rates, the strength increment ratio is negative, indicat-

ing strength degradation in the saturated mortar

specimens. This is because the existence of free water

would act in mortar specimens as a lubricant between

particles resulting in a lower localised shear stress

resistance [51]. Dudko et al. [52] studied particle bond

behaviour on the micro-scale. It was found that the

kinetic energy between molecules reduces with the

existence of free water; thus, chemical bonding is

weakened. Free water in voids and micro-crack

weakens the van der waals forces between solid

particles. This phenomenon is especially apparent in

the rupture force or pulling force when there is

sufficient time for the particle to respond, such as

under quasi-static loading conditions. Under dynamic

loading states, the strength-enhancing ratio becomes a

positive value reflecting water enhancing effect. As

strain rate/loading rate increases, the strength-enhanc-

ing ratio also grows with strain rate and loading rate.

This is because the electrical double layers and the

reconstruction of water in the contact area between

particles, free water in the voids and micro-cracks of

mortar specimens could provide substantially more

adhesive and viscous forces as compared to air [53].

The water viscous effect becomes dominant, which is

highly dependent on loading speed. A higher strength-

enhancing ratio can be found on the high-porosity

mortar compared to common mortar because of more

voids and, therefore, more free water in the saturated

specimens. It is also worth noting that a previous study

found that free water in saturated mortar specimens

would lead to the reduced dynamic compressive

strength because there is not sufficient time for water

to be squeezed out of the pores. Hence, pore water

pressure will be developed at the tip of the crack, thus

accelerating the development of inner cracks resulting

in strength reduction [30]. However, such excess pore

water pressure would not be developed when the

specimen is subjected to high-speed tension. Instead,

water adhesive force and viscous force become

predominant when the specimen is pulled apart under
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tensile forces, generating the dynamic strength-en-

hancing effect leading to an increased strength with

strain rate/loading rate.

Existing testing data on dry and saturated concrete,

sandstone and limestone from different researchers are

also included for comparison and analysis. Since some

existing data only provide loading rate or strain rate

without a modulus, as in Fig. 9, the strength enhancing

ratio is thus compared separately versus strain rate and

loading rate. Wang et al. [16] tested concrete under dry

and saturated states to study the saturation effect on

concrete properties. A similar trend was found in this

study that a 4.3% strength reduction at a loading rate of

2 9 10–5 GPa/sand a strength increment of 40.2% at a

loading rate of 2 9 10–2 GPa/s on the saturated

concrete in comparison to the dry concrete specimens.

Similarly, as shown in Fig. 9a, Candoni et al. [10]

observed a -7.6% reduction in concrete tensile strength

at a strain rate of 10–6 s-1 but a strength enhancement

of 79% at a strain rate of 10 s-1 on saturated concrete

specimens. In the meanwhile, some existing data also

show contradicting conclusions. For instance, Yan and

Lin [8] studied the water saturation effect on the

tensile strength of concrete in the strain rate range of

10-5 s-1 and 10–0.3 s-1. Consistent strength reduction

was observed on the saturated concrete specimens,

where the strengths of the saturated concrete speci-

mens were found to drop by -41.2% and -21.4% of the

corresponding dry concrete specimens. Huang et al.

[22] examined the tensile strength of sandstone. The

strength of the saturated specimen was found to reduce

substantially by nearly -87% as compared to the dry

specimen at a loading rate of 1 9 10–4 GPa/s. As the

loading rate increases, the strength of saturated

sandstone increases resulting in an about - 40%

lower strength compared to that of dry specimens at

about 30GPa/s. Another study by Petrovi et al. [21] on

limestone found the tensile strength of saturated

limestone is - 52% lower than dry limestone at

quasi-static state, but as strain rate increases, an

apparent increasing trend can be seen, where the

strength of saturated limestone was found to show a

5% increase comparing to the dry limestone specimen

at loading rate of about 224 GPa/s since the process of

submerging specimens into the water to achieve

saturation states could result in material swelling and

shrinkage, i.e., hydric expansion, which deteriorates

specimen integrity and causes damages. It is difficult

to distinguish whether the above weakening effect on

material strength is resulted from hydric expansion

due to water soaking or purely from free water in the

microstructure. Moreover, it is also found that some

data, even from the same authors, show substantial

saturation effects on material strength. For example,

Rossi et al. [7] performed tensile tests on dry and

saturated concrete specimens and found the tensile

strength of saturated specimen reduced by over -60%

under a quasi-static state. The authors attributed the

substantial strength reduction to premature edge

failure of the dumbbell shape sample during the test,

Fig. 10 Water enhancing ratio vs. a strain rate; b loading rate
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where an unequally distributed stress caused severe

premature failure in the saturated concrete. Neverthe-

less, it was also found that under dynamic loading

condition, the strength reduction ratio dropped to less

than 10%, indicating such changes in concrete strength

is loading rate sensitive. In a later study also by Rossi

et al. [17], tensile strength increment of 13% to 58%

from loading rate 5 9 10–5 to 50 GPa/s were reported

on the concrete, indicating water enhancing effect[13]

can rapidly increase the concrete strength from 37 to

186% when strain rate increases from 0.5/s to 1.3 s-1.

4.5 Empirical formula of water enhancing effect

Empirical formula is derived based on the testing data

in this study to predict the strength-enhancing effect of

free water. The strength-enhancing ratio Drt is related
to both the strain rate _e and the porosity of material v,

which thus can be expressed as

Drt ¼ a log _eð Þ þ bwhen10�6 � _e� 1

c _eþ dwhen1� _e� 10

�

ð21Þ

in which

a ¼ 45 v� 3

b ¼ 1256Drt;s � 95:85

c ¼ 4:5 vþ 4:7

d ¼ 1231Drt;s � 99:09where v is the porosity; Drt;s is
the static reduction ratio (0.088 and 0.079 for CM and

HP, respectively).

From Fig. 11 it can be seen that under quasi-static

and low-speed tension, free water primarily shows a

weakening effect, which appears to be insensitive to

strain rate. Under dynamic tension, the strength-

enhancing ratio increases quickly with strain rate.

Nevertheless, due to the testing condition in this study,

the coverage strain rate is limited to about 5 s-1. The

accuracy of the empirical formula beyond this strain

rate range needs future validation.

5 Conclusion

This study conducts quasi-static and dynamic split

tensile tests on saturated and re-dried mortar speci-

mens to investigate the influence of free water on the

tensile properties at different strain rates. Two types of

mortars, i.e., common mortar and high porosity

mortar, are examined to study the influence of

porosity. The testing method developed in this study

effectively rules out the influence of water-induced

hydric expansion damage to mortar for a more

accurate quantification of the free water effect. The

following conclusions are drawn from this study:

a) It is found that under quasi-static state, free

water in mortar would reduce the split tensile

strength resulting in the strength reductions.

b) Under dynamic loading, free water could influ-

ence the tensile properties of mortar. The

strength enhancement effect is observed where

the saturated mortar specimens have a higher

dynamic tensile strength than that of dry spec-

imens which up to 42% enhancing ratio on high-

porosity mortar.

c) High-speed camera images show that the crack-

ing-to-failure process of saturated mortars is

delayed by free water, which shown water

retarding effect can up to 0.4 ms. The testing

data also confirm that saturated specimens have

smaller wave velocities than dry specimens.

d) Both dry and saturated mortars show a strong

strain rate effect on tensile strength and elastic

modulus. The saturated mortar is more sensitive

to strain rate than dry mortar. The relationships

of DIF versus strain rate are derived for mortar

with a difference up to 1.2 at strain rate 5 s-1

between saturated and dried high-porosity

mortars.

e) Water enhancing effect is found to be both strain

rate sensitive and material porosity dependent

with enhancing ratio increase from 0.09 to 0.2 at

strain rate 2 s-1 for common mortar and high-

porosity mortar respectively.

f) Strength enhancing ratio by free water on

mortar is quantified. An empirical formula for

determining enhancing ratio is derived based on

the testing data.

The study reveals that free water has a significant

effect on the split-tensile strength of mortar, which

increases as the strain rate increases. The enhancing

effect of free water on the dynamic tensile strength of

mortar is quantified and the possible mechanisms

leading to this effect are discussed. The study also

compares the test results with existing data from other

researchers, which show that free water could cause
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different levels of dynamic tensile strength enhance-

ment. The findings of this study can be used to

improve the design and performance of mortar in

various engineering applications. particularly in the

design of structures that are exposed to dynamic

loading, such as bridges, tunnels, and earthquake-

resistant buildings. Also, this studying lead to the

development of new mortar mix designs and the

potential optimization direction to improved perfor-

mance on porous and cementious materials, which

could result in more durable and resilient structures.
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Appendix A: Quasi-static test results

See Table 2
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Fig. 11 Empirical prediction formula of water enhancing ratio to mortar tensile strength
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Table 2 Quasi-static test

results

QS quasi-static state, CM
common mortar, HP high-

porosity mortar, S and SD
are fully saturated and

saturated-then-dried

specimens

Specimen No _e (s-1) ft (MPa) Strain (mm/mm) E (GPa)

QS-CM-S-1 1.49E-06 1.11 0.000193 6.8

QS-CM-S-2 1.49E-06 1.09 0.000176 6.9

QS-CM-S-3 1.49E-06 1.07 0.000188 6.5

QS-CM-S-4 1.49E-05 1.12 0.000219 6.7

QS-CM-S-5 1.49E-05 1.19 0.000228 7.0

QS-CM-S-6 1.49E-05 1.13 0.000218 6.8

QS-CM-S-7 1.49E-03 1.31 0.000232 7.1

QS-CM-S-8 1.49E-03 1.23 0.000251 6.8

QS-CM-S-9 1.49E-03 1.20 0.000248 6.9

QS-CM-SD-1 1.42E-06 1.13 0.000160 7.0

QS-CM-SD-2 1.42E-06 1.20 0.000178 6.8

QS-CM-SD-3 1.42E-06 1.24 0.000167 7.3

QS-CM-SD-4 1.42E-05 1.22 0.000176 7.0

QS-CM-SD-5 1.42E-05 1.29 0.000174 7.4

QS-CM-SD-6 1.42E-05 1.18 0.000178 6.9

QS-CM-SD-7 1.42E-03 1.25 0.000179 7.0

QS-CM-SD-8 1.42E-03 1.41 0.000183 7.8

QS-CM-SD-9 1.42E-03 1.32 0.000184 7.2

QS-HP-S-1 3.85E-06 0.31 0.000144 2.6

QS-HP-S-2 3.85E-06 0.32 0.000119 2.7

QS-HP-S-3 3.85E-06 0.32 0.000129 2.5

QS-HP-S-4 3.85E-05 0.34 0.000172 2.5

QS-HP-S-5 3.85E-05 0.36 0.000158 2.7

QS-HP-S-6 3.85E-05 0.36 0.000127 2.9

QS-HP-S-7 3.85E-03 0.43 0.000196 2.8

QS-HP-S-8 3.85E-03 0.46 0.000185 2.8

QS-HP-S-9 3.85E-03 0.45 0.000147 2.9

QS-HP-SD-1 3.85E-06 0.33 0.000108 3.1

QS-HP-SD-2 3.85E-06 0.36 0.000147 2.7

QS-HP-SD-3 3.85E-06 0.35 0.000138 2.6

QS-HP-SD-4 3.85E-05 0.38 0.000147 2.7

QS-HP-SD-5 3.85E-05 0.36 0.000146 2.7

QS-HP-SD-6 3.85E-05 0.38 0.000129 3.0

QS-HP-SD-7 3.85E-03 0.41 0.000163 2.9

QS-HP-SD-8 3.85E-03 0.44 0.000192 2.8

QS-HP-SD-9 3.85E-03 0.43 0.000147 3.1
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Appendix B: Dynamic test results

See Tables 3 and 4

Table 3 Summary of dynamic test results for common mortar

Specimen No _e (s-1) Loading rate (GPa/s) ft (MPa) Strain (mm/mm) E (GPa) DIFft DIFE Enhancing Specific value

DB-CM-S-01 0.94 6.31 1.32 0.000239 6.9 1.21 1.28 1.16

DB-CM-S-02 1.15 7.74 1.38 0.000254 6.9 1.27 1.37 1.24

DB-CM-S-03 1.26 8.50 1.48 0.000249 7.4 1.36 1.34 1.17

DB-CM-S-04 1.53 10.31 1.53 0.000253 7.0 1.40 1.36 1.10

DB-CM-S-05 1.54 10.37 1.60 0.000253 7.4 1.46 1.36 1.26

DB-CM-S-06 1.65 11.13 1.61 0.000262 7.5 1.47 1.41 1.22

DB-CM-S-07 1.67 11.24 1.72 0.000310 7.5 1.57 1.67 1.28

DB-CM-S-08 1.91 12.86 1.69 0.000309 8.3 1.55 1.66 1.14

DB-CM-S-09 1.91 12.87 1.82 0.000373 8.6 1.66 2.01 1.29

DB-CM-S-10 2.04 13.75 1.85 0.000310 8.5 1.69 1.67 1.18

DB-CM-S-11 2.17 14.61 1.85 0.000328 8.4 1.69 1.77 1.32

DB-CM-S-12 2.24 15.07 1.91 0.000383 8.6 1.74 2.06 1.37

DB-CM-S-13 2.39 16.11 1.98 0.000346 8.3 1.82 1.86 1.23

DB-CM-S-14 2.50 16.83 2.19 0.000328 8.8 2.00 1.76 1.43

DB-CM-S-15 2.66 17.94 2.25 0.000373 8.8 2.06 2.01 1.32

DB-CM-SD-1 1.27 8.92 1.45 0.000246 7.0 1.22 1.46

DB-CM-SD-2 1.34 9.41 1.41 0.000257 7.4 1.19 1.52

DB-CM-SD-3 1.43 10.09 1.45 0.000269 7.5 1.22 1.60

DB-CM-SD-4 1.57 11.04 1.57 0.000241 7.7 1.33 1.43

DB-CM-SD-5 1.81 12.76 1.58 0.000301 7.6 1.33 1.79

DB-CM-SD-6 1.86 13.12 1.66 0.000258 8.1 1.40 1.53

DB-CM-SD-7 1.91 13.42 1.63 0.000268 8.0 1.38 1.59

DB-CM-SD-8 2.09 14.71 1.60 0.000251 8.2 1.35 1.49

DB-CM-SD-9 2.20 15.49 1.76 0.000294 9.1 1.48 1.75

DB-CM-SD-

10

2.33 16.36 1.82 0.000282 8.9 1.54 1.68

DB-CM-SD-

11

2.55 17.97 1.88 0.000243 8.6 1.59 1.44

DB-CM-SD-

12

2.60 18.28 1.83 0.000311 8.5 1.54 1.85

DB-CM-SD-

13

2.71 19.06 1.96 0.000295 8.6 1.65 1.75

DB-CM-SD-

14

2.93 20.59 2.11 0.000257 9.4 1.78 1.53

DB-CM-SD-

15

2.94 20.71 2.20 0.000268 10.5 1.85 1.59

DB Dynamic-Brazilian disc tests
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