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In the present contribution, the water-cement-density ratio law for the standard curing 28-day compressive strength of cement-
based materials including grout, normal concrete, ceramsite concrete, and foamed concrete is proposed. )e standard curing 28-
day compressive strength of different grouts, normal concrete, ceramsite concrete, and foamed concrete was tested. Simulations
for Abrams’ law, Bolomey’s formula, and water-cement-density ratio law were carried out and compared. )e water-cement-
density ratio law illustrates better simulations for the prediction of the 28-day compressive strength of cement-based materials.
)e water-cement-density ratio law includes both the water-cement ratio and relative apparent density of the cement-based
material. Relative apparent density of the cement-based material is an important one of all the factors determining the com-
pressive strength of the cement-based material. )e water-cement-density ratio law will be beneficial for the precise and
generalized prediction of the 28-day standard curing compressive strength of cement-based materials.

1. Introduction

Portland cement-based materials such as grout, normal
concrete, lightweight concrete, and foamed concrete have an
extremely wide scale of application in civil engineering
construction throughout the world and are expected to be
used more extensively in the future as well. Properties of
cement-based materials are determined by the whole
component raw materials and their proportions. Clearly and
correctly understanding the physical connection between
property and composition of cement-based materials is very
important. In other words, precise and generalized pre-
diction of properties based on composition of cement-based
materials will be beneficial for engineering design and ap-
plication of cement-based materials. )e 28-day compres-
sive strength is one of the first and foremost properties of
cement-based materials for structural design of civil engi-
neering. So far, how the 28-day compressive strength is
determined by the composition of cement-based materials is
not understood clearly enough.

Since the invention of Portland cement in 1824, plenty of
research works have proved that the 28-day compressive
strength of cement-based materials is determined by raw
materials including cement, supplementary cementitious
materials, aggregate etc., proportions including water-ce-
ment ratio, sand-aggregate ratio, cement content, etc., and
curing conditions including ambient temperature, pressure,
and humidity. In 1918, Abrams pronounced the water-ce-
ment ratio law based on the observation that as the water-
cement ratio decreases, the strength of the concrete in-
creases, accordingly. In 1935, Bolomey gave a formula to
predict the compressive strength of cement mortar which
expresses a linear relationship between the water-cement
ratio and compressive strength. Abrams’ law and Bolomey’s
formula both indicate that compressive strength of cement-
based materials is mainly dependent on the water-cement
ratio among all the other factors.)erefore, Abrams’ law and
Bolomey’s formula are seen as different mathematical forms
of water-cement ratio law. For mortar, it has been found that
cement-sand ratio, supplementary cementitious material
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content, and cement type all will influence the parameters in
Abrams’ law or Bolomey’s formula [1–4]. For normal
concrete, cement type, curing age, and silica fume content all
will influence the parameters in Abrams’ law or Bolomey’s
formula [5–8]. For lightweight concrete, properties of the
aggregates will influence the parameters in Abrams’ law or
Bolomey’s formula [9]. For foamed concrete, curing con-
ditions, cement type, foaming agent, and dry density will
influence the parameters in Abrams’ law or Bolomey’s
formula [10, 11]. However, so far, there were less efforts for
generalization of Abrams’ law or Bolomey’s formula for
cement-based materials including mortar, normal concrete,
lightweight concrete, and foamed concrete all together.

In this contribution, the 28-day compressive strength of
cement-based materials including grout, normal concrete,
lightweight concrete, and foamed concrete was investigated.
Abrams’ law and Bolomey’s formula were applied for
simulation of the relationship between water-cement ratio
and 28-day compressive strength. A novel water-cement-
density ratio law was proposed and verified. )is work will
be beneficial further for prediction of durability properties
by composition of cement-based materials and durability
study of cement-based material structure [12–18].

2. Water-CementRatioLawandWater-Cement-
Density Ratio Law

)e mathematical relationship between compressive
strength and water-cement ratio, according to Abrams’ law,
is shown in the following equation:

σc �
a1

a2
 

W/C

, (1)

where σc is the compressive strength of cement-based ma-
terial (MPa), W/C is the water-cement ratio, and a1 and a2
are parameters determined by cement type, cement content,
curing condition, etc.

)e mathematical relationship between compressive
strength and water-cement ratio, according to Bolomey’s
formula, is shown in the following equation:

σc �
b1

W/C
− b2, (2)

where b1 and b2 are parameters determined by cement type,
cement content, curing condition, etc.

)e water-cement-density ratio law assumes that com-
pressive strength of cement-based materials is mainly de-
pendent on the water-cement-density ratio among all the
other factors. )e mathematical relationship between
compressive strength and water-cement-density ratio,
according to the water-cement-density ratio law, is shown in
the following equation:

σc � d1 +
d2

d3
 

(W/C)/Dr

, (3)

whereDr is the apparent relative density of the cement-based
material, (W/C)/Dr is the water-cement-density ratio, and

d1, d2, and d3 are parameters determined by cement type,
cement content, curing condition, etc.

If cement and supplementary cementitious materials
together are seen as binder, the water-binder-density ratio
law assumes that compressive strength of cement-based
materials is mainly dependent on the water-binder-density
ratio among all the other factors. )e mathematical rela-
tionship between compressive strength and water-binder-
density ratio, according to the water-binder-density ratio
law, is shown in the following equation:

σc � f1 +
f2

f3
 

(W/B)/Dr

, (4)

where W/B is the water-binder ratio, (W/B)/Dr is the water-
binder-density ratio, and f1, f2, and f3 are parameters de-
termined by cement type, cement content, curing condition,
etc.

3. Experimental

3.1. Materials. P.I 42.5 Portland cement (PC) was used in
accordance with Chinese national standard GB175-2007
(CEM I type Portland cement conforming to BS EN 197-1:
2011). Silica fume (SF) used has specific surface area of
16000m2/kg. Ground granulated blast furnace slag (GGBS)
has a particle size ranging from 0.5 μm to 125.8 μm. Fly ash
with specific surface area of 380m2/kg was used. )e
chemical composition of PC, SF, GGBS, and FA is shown in
Table 1. Water reducer used is polycarboxylic acid super-
plasticizer. Coarse aggregates were crushed limestone ag-
gregates with a maximum diameter of 30mm and density of
2615 kg/m3. Local river sand with a maximum grain size of
5mm and density of 2630 kg/m3 was adopted. Lightweight
aggregates were expanded shale ceramsite aggregates with
the maximum diameter of 20mm and loose bulk density of
450 kg/m3. Animal protein foaming agent was used for
foamed concrete.

3.2. Mixture Proportions. Mixture proportions of grout,
normal concrete, ceramsite concrete, and foamed concrete
are shown in Tables 2–5, respectively. For grout, mixtures
G0.20, G0.25, G0.30, and G0.40 are neat cement grouts. For
normal concrete, silica fume is added in mixtures NC0.31,
NC0.29, NC0.25, and NC0.20. For ceramsite concrete, the
sand to aggregate ratio is changed from 32% to 42%. For
foamed concrete, the water to cement ratio is changed from
0.60 to 1.43.

3.3. Test Methods and Sample Preparation. )e compressive
strength test was carried out conforming to BS EN 12390-3:
2009. )e test specimens were prepared using standard
metallic cube mould of size 10 cm× 10 cm× 10 cm and
covered with plastic sheet after moulding for three days.
After demoulding, all specimens were cured at >95%RH and
20± 2°C for 28 days. )e compressive strength was calcu-
lated as the average of three test specimens. )e specimens
were experimented at room temperature of 20± 2°C with a
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Table 1: Chemical composition of PC, SF, GGBS, and FA.

Materials
Chemical composition (%)

Loss on ignition (%)
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Equivalent alkali Free CaO Cl−

PC 20.13 20.13 3.67 63.89 1.61 3.31 0.24 0.52 0.035 2.50
SF 88.52 1.23 2.11 5.45 0.11 — — — — 1.53
GGBS 36.50 20.30 1.54 31.40 5.31 2.50 0.29 — — 1.59
FA 51.98 28.37 5.64 4.30 0.84 0.95 — — — 6.03

Table 4: Mixture proportions of ceramsite concrete.

Mixture ID W/C Sand to aggregate ratio
Compositions (kg/m3)

Binder
Sand Ceramsite aggregate Water Water reducer

Cement FA
CC0.55-32 0.55 0.32 380 38 508 312 209 0
CC0.51-30 0.51 0.30 380 48 530 303 193 0
CC0.51-35 0.51 0.35 380 48 607 363 193 0
CC0.51-42 0.51 0.42 380 48 743 303 193 0

Table 2: Mixture proportions of grout.

Mixture ID W/C
Compositions (kg/m3)

Binder
Sand Water Water reducer

Cement SF GGBS
G0.20 0.20 1933 0 0 0 387 15
G0.25 0.25 1762 0 0 0 441 5.0
G0.30 0.30 1620 0 0 0 486 4.0
G0.40 0.40 1394 0 0 0 558 2.0
G0.26 0.26 746 123 153 1279 194 8.0
G0.33 0.33 674 92 255 1279 225 5.0
G0.28 0.28 909 61 51 1279 255 4.0
G0.24 0.24 1176 38 64 1021 281 5.0

Table 3: Mixture proportions of normal concrete.

Mixture ID W/C Water-binder ratio Sand to aggregate ratio
Compositions (kg/m3)

Binder
Sand Coarse aggregate Water Water reducer

Cement SF
NC0.48S 0.48 0.48 0.45 500 0 700 850 240 5.40
NC0.45S 0.45 0.45 0.45 500 0 700 850 220 6.00
NC0.38S 0.38 0.38 0.45 500 0 700 850 190 8.80
NC0.34S 0.34 0.34 0.45 500 0 700 850 170 9.60
NC0.38 0.38 0.38 0.38 400 0 700 1125 152 3.00
NC0.34 0.34 0.34 0.38 400 0 700 1125 136 4.25
NC0.30 0.30 0.30 0.38 400 0 700 1125 120 4.25
NC0.31 0.31 0.28 0.41 600 67 550 800 187 6.75
NC0.29 0.29 0.26 0.41 600 67 550 800 173 6.75
NC0.25 0.25 0.22 0.41 600 67 550 800 147 8.00
NC0.20 0.20 0.18 0.41 600 67 550 800 120 8.00

Table 5: Mixture proportions of foamed concrete.

Mixture ID W/C Water-binder ratio
Compositions (kg/m3)

Binder
Water Foaming agent

Cement GGBS FA
FC0.60 0.60 0.45 600 80 120 360 3.60
FC0.67 0.67 0.50 600 80 120 400 3.60
FC0.91 0.91 0.50 440 160 200 400 3.60
FC1.43 1.43 0.50 280 240 280 400 3.60
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relative humidity of 65%. Apparent relative density was
determined after demoulding by weighting using electronic
scale and volume calculation using checked dimensions.

4. Results and Discussion

4.1. Respective Results and Discussion for Different Cement-
Based Materials

4.1.1. Grout. Simulations of Abrams’ law and Bolomey’s
formula for grout were carried out, and the results are shown
in Figure 1. Abrams’ law and Bolomey’s formula both have
good simulations with R-square of 0.9733 and 0.9637, re-
spectively. Parameters a1 and a2 of Abrams’ law are 245 and
66. Parameters b1 and b2 of Bolomey’s formula are 26 and 19.
Simulations of water-cement-density ratio law for grout were
carried out, and the results are shown in Figure 2. Water-
cement-density ratio law has a good simulation with R-square
of 0.9776. Parameters d1, d2, and d3 of water-cement-density
ratio law are 2.4, 200, and 2174, respectively. Water-cement-
density ratio law includes both the water-cement ratio and
apparent density of the cement-based material.

4.1.2. Normal Concrete. Simulations of Abrams’ law and
Bolomey’s formula for normal concrete were carried
out, and the results are shown in Figure 3. Abrams’
law and Bolomey’s formula both have good simulations with
R-square of 0.9070 and 0.9293, respectively. Parameters a1
and a2 of Abrams’ law are 287 and 79. Parameters b1 and b2
of Bolomey’s formula are 33 and 33. Simulations of water-
cement-density ratio law for normal concrete were carried
out using the same simulation parameters of grout as shown
in Figure 2, and the results are shown in Figure 4. Water-
cement-density ratio law has a simulation with R-square of
0.6544 while parameters d1, d2, and d3 of water-cement-
density ratio law are controlled to 2.4, 200, and 2174, re-
spectively. It also seemed that while water-cement ratio is
higher than 0.3, the simulations are better because Abrams’
law is valid over the range of water-cement ratios of 0.30 to
1.20 [19, 20]. For low water-cement ratio, prediction of
compressive strength is more complicated. )e main reason
is that for the cement-based material having high water-
cement ratio, a part of mixing water does not participate in
cement hydration and finally forms pores in hardened hy-
dration products which will determine the mechanical
properties evidently. On the contrary, for the cement-based
material having low water-cement ratio, most of the mixing
water participates in cement hydration and then does not
form more pores in hardened hydration products. Generally
speaking, for low porosity solid materials, more attention
should be paid to the influence of chemical composition and
load action form on material properties [21–23].

4.1.3. Ceramsite Concrete. Simulations of Abrams’ law and
Bolomey’s formula for ceramsite concrete were carried out,
and the results are shown in Figure 5. Abrams’ law and
Bolomey’s formula both have bad simulations with R-square
of 0.0696. Parameters a1 and a2 of Abrams’ law are 116 and

58. Parameters b1 and b2 of Bolomey’s formula are 15.4 and
15.5. Simulations of water-cement-density ratio law for
ceramsite concrete were carried out using the same simu-
lation parameters of grout as shown in Figure 2, and the
results are shown in Figure 6. Water-cement-density ratio
law has a simulation with R-square of 0.5112 while pa-
rameters d1, d2, and d3 of water-cement-density ratio law are
controlled to 2.4, 200, and 2174, respectively.

4.1.4. Foamed Concrete. Simulations of Abrams’ law and
Bolomey’s formula for foamed concrete were carried out,
and the results are shown in Figure 7. Abrams’ law and
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Figure 2: Simulation of water-cement-density ratio law for grout.
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Bolomey’s formula both have bad simulations with R-square
of 0.1605 and 0.3985, respectively. Parameters a1 and a2 of
Abrams’ law are 2.8 and 1.1. Parameters b1 and b2 of
Bolomey’s formula are 0.35 and 2.12. Simulations of water-
cement-density ratio law for foamed concrete were carried
out using the same simulation parameters of grout as shown
in Figure 2, and the results are shown in Figure 8. Water-
cement-density ratio law has a simulation with R-square of
0.8154 while parameters d1, d2, and d3 of water-cement-
density ratio law are controlled to 2.4, 200, and 2174,
respectively.

4.2. Results and Discussion for General Cement-Based
Materials

4.2.1. Abrams’ Law and Bolomey’s Formula. Simulations of
Abrams’ law and Bolomey’s formula using water-cement
ratio for all cement-based materials were carried out, and the
results are shown in Figure 9. Abrams’ law and Bolomey’s
formula both have good simulations with R-square of 0.9391
and 0.8470, respectively. Parameters a1 and a2 of Abrams’
law are both 500. Parameters b1 and b2 of Bolomey’s formula
are 28 and 29. Figure 9 shows that for ceramsite concrete and
foamed concrete, simulations of Abrams’ law and Bolomey’s
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formula are not good. General simulation parameters are not
uniform compared with the preceding individual simula-
tions. Simulations of Abrams’ law and Bolomey’s formula
using water-binder ratio for all cement-based materials were
carried out, and the results are shown in Figure 10. Abrams’
law and Bolomey’s formula have simulations with R-square
of 0.6210 and 0.7952, respectively. Parameters a1 and a2 of
Abrams’ law are 987 and 5930. Parameters b1 and b2 of
Bolomey’s formula are 62 and 119. Comparison of Figures 9
and 10 shows that the water-cement ratio law has a better
simulation.

4.2.2. Water-Cement-Density Ratio Law. Simulation of
water-cement-density ratio law for all cement-based mate-
rials was carried out, and the results are shown in Figure 11.
Water-cement-density ratio law has a good simulation with
R-square of 0.9976. Parameters d1, d2, and d3 of water-ce-
ment-density ratio law are controlled to 2.4, 200, and 2174,
respectively. General simulation parameters are uniform
compared with the preceding individual simulations. Sim-
ulation of water-binder-density ratio law for all cement-
based materials was carried out, and the results are shown in
Figure 12. Water-binder-density ratio law has simulation
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with R-square of 0.9948. Parameters f1, f2, and f3 of water-
binder-density ratio law are 1.6, 220, and 3333, respectively.
Comparison of Figures 11 and 12 shows that the water-
cement-density ratio law has a better simulation. It is rea-
sonable to see that cement is still the main cementitious
material in hydration and the hardening of cement hy-
dration products determines mainly the mechanical prop-
erties of cement-based materials.

5. Conclusions

Based on the results identified in this study, the following
conclusions are drawn. )e novel water-cement-density
ratio law is proposed based on water-cement ratio law.
Compared with Abrams’ law and Bolomey’s formula, the
water-cement-density ratio law illustrates better simulations
for the prediction of the 28-day standard curing compressive
strength of cement-based materials including grout, normal
concrete, ceramsite concrete, and foamed concrete designed
in this contribution over the range of water-cement ratios of
0.20 to 1.40. )e water-cement-density ratio law includes
both the water-cement ratio and relative apparent density of
the cement-based material. Relative apparent density of the
cement-based material is an important one of all the factors
determining the compressive strength of the cement-based
material. )e water-cement-density ratio law will be bene-
ficial for the precise and generalized prediction of the 28-day
standard curing compressive strength of cement-based
materials. As a topic of future research, the effects of cement
type and curing conditions on parameters of the water-
cement-density ratio law should be studied.
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