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Summary
Field installation of high-quality pervious concrete with the target void content and mechanical
properties is a common challenge. The objective of this project was to set forth a model to
forecast the physical and mechanical properties of field installations based on mixture
composition and the compaction level. On this basis, compaction and mixture composition-based
void content and strength models were developed in the laboratory in the first phase. For model
development, the specimen size was confined to cylinders. Compaction was achieved with a
lightweight deflectometer (LWD) with a load cell while simulating the proctor hammer
compaction method. In the field study, the calibration parameters of the developed model were
reevaluated based on the physical and mechanical results of field cores. As expected, it was seen
that the model estimates would not match the void content and strength of field cores due to
significantly higher compaction forces commonly used in the laboratory. Thus, the model was
recalibrated to predict the properties of field cores accurately. Installers can use a database of
their mixture composition, roller screed weight, revolution per minute, void content, and
strength of cores from past projects to recalibrate the developed model. The calibrated model
can then forecast the required compaction to produce the target void content and strength.
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1. Overview
In the laboratory phase of this study, an experiment was performed to develop correlations
between the compaction force level, the void content, and compressive strength of cast pervious
concrete cylindrical specimens. Compaction force was applied on fresh pervious concrete by
dropping an 11-lb weight on a 4-inch diameter plate, compacting the fresh pervious concrete in
a 4 by 4-inch (dia. by height) cylinder (Fig. 1a). The load from the weight drop was measured by
the load cell as part of the lightweight deflectometer setup. More details about the compaction
study can be found in an ASCE paper by the authors (AlShareedah et al., 2020). The load was then
progressively increased to investigate the impact of compaction of fresh concrete on reducing
the void content and increasing the compressive strength. The fresh unit weight of the cast
cylinder was established (Fig. 1b). Next, standard 4 by 8-inch (dia. by height) cylinders were
produced with the same unit weight to represent each compaction force level for air void content
and compressive strength testing (Fig. 1c).
Based on the measured compaction levels and experimental results of void content and strength,
two regressions were proposed to estimate void content and compressive strength of pervious
concrete based on mixture composition and the applied compaction force, as shown in Eq. 1-2.
Void content (∅) = 0.441 − (𝑎𝑎1 * Fc ) − �𝑎𝑎2 *

7d Compressive strength ( fc ) = (𝑎𝑎3 * Fc ) + �𝑎𝑎4 *

W+C
A

�

W+C
A

� − 𝑎𝑎5

Eq. 1
Eq. 2

Where ∅ is the void content (fraction), fc is the compressive strength (psi), Fc is the compaction
force (lbf), W, C, and A are the water, cement, and aggregate content, respectively, in lb/yd3. The
model’s calibration factors are a1 = 3.75E-6; a2=0.565; a3= 0.0417; a4=10316.789;a5= 2071.887.

(a)

(b)

(c)

Fig. 1. (a) Laboratory compaction of pervious concrete using lightweight deflectometer (LWD),
(b) The unit weight of the compacted pervious concrete used to (c) produce 4 by 8-inch cylinders
for mechanical and physical properties characterization.
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However, pervious concrete is compacted differently in the field than in the laboratory, where a
roller screed is applied over the fresh pervious concrete, as seen in Fig. 2. Therefore, to use the
developed model for field compaction, a formula was suggested for Fc based on the properties
of a roller screed. Fc (lbf) is calculated using Eq. 3:
Fc = mg + m(2πω)2 r

Eq. 3

where m is the mass of the roller (lb), g is the gravitational acceleration (ft/s2), ω is the angular
velocity (revolution per second), and r is the roller radius (in). The first part of the equation (mg)
represents the static weight of the roller, while the second part (m(2πω)2 r) corresponds to the
centrifugal force generated by rotating the roller at a specific rotational speed.

Fig. 2. Compaction of pervious concrete in the field using a rotary roller screed, photo: courtesy
of Bay Area Pervious Concrete
The objective of the field evaluation phase of the study was to evaluate the compaction model
(Eq. 1-3) and update the calibration parameters of the laboratory model for field compaction, if
needed. To study the effect of roller screed compaction on pervious concrete properties in the
field, four pervious concrete slabs were installed and compacted to different levels in September
2020. Two compaction methods by two different roller screeds were applied in the field. On-site
testing included ASTM C1701 infiltration rate testing. Next, cores were extracted and tested for
void content, infiltration rate, and compressive strength in the laboratory. A study of the
distribution of the void content across the depth of the slab was also performed. The details of
the fieldwork installation and test results of the cores are presented in this report. The
compaction, void content, and strength models were updated based on the cores' test results.
However, more field data is required to further strengthen the model and expand its application
to other mixture compositions and roller compactors. The placement of pervious concrete slabs,
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field testing, and coring was conducted by Bay Area Pervious Concrete. Testing and analysis of
the test results were performed by Washington State University.

2. Field Installation of Pervious Concrete Slabs
2.1.

Pervious Concrete Mixture Design

Four 11-foot wide pervious concrete slabs were installed in the field on September 3, 2020. About
5-6 linear foot was installed using each compaction type, as will be described in the next section.
The mixture composition of the pervious concrete is shown in Table 1. As seen in Table 1, the
water-to-cement ratio of the mix was 0.39. The unit weight of the fresh pervious concrete was
approximately 136 lb/ft3, with a design void content of 18%. The maximum size of coarse
aggregate was ½ inch with the particle size distribution, as shown in Table 2. The aggregate used
in this mix is a dense rock from Orca Sand & Gravel in Canada, with a specific gravity (SG) of 2.88
and a unit weight of 113.9 lbs vs. the local aggregate typically around 2.62 SG.
Table 1. Pervious concrete mixture design (materials weight per one cubic yard)
Materials
Aggregate (lb/yd3)
Cement (lb/yd3)
Slag (lb/yd3)
Water (lb/yd3)
Recover – Hydration stabilizer (oz)
Pervious concrete Enhancer Pro (super
absorbent polymer) (oz)

Weight
3,075.3
261
174
169.7
34.8
3.5

Table 2. The particle size distribution of the coarse aggregates used in this study
Sieve size (inch)
3/4
1/2
3/8
#4
#8

Passing percentage (%)
100
94
66
10
3
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2.1.1. Compaction Procedures
After placement, each of the four pervious concrete slabs was compacted by one of these
methods: (1) one pass of a 4-inch diameter roller; (2) two passes of a 4-inch diameter roller; (3)
one pass of a 6-inch diameter roller; (4) two passes of a 6-inch diameter roller. For the 2-pass
scenarios, additional materials were broadcast in the front of the roller along the entire length
of the roller. The weight of the 4-inch and 6-inch rollers is 5 and 15.2 lb/ft, respectively. The total
weights of the 11 ft-long rollers are 55 lb (4-inch diameter) and 167.2 lb (6-inch diameter). A
visual comparison of the size of the two rollers is shown in Fig. 3a. Each roller was placed on the
formwork on each side of the slab and revolved while dragged over the pavement surface. The
rotational speed of the 4-inch and 6-inch rollers is 271 and 225 rpm, respectively. Next, all
sections were finished with a pan float (Fig. 3b).

(a)

(b)

Fig. 3. (a) A side-by-side photo of the 4-inch and the 6-inch rollers used in pervious concrete
compaction; (b) Surface finishing by the pan float: photos: courtesy of Bay Area Pervious
Concrete
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2.1.2. Field Infiltration Rate Testing (ASTM C1701)
The infiltration rate was measured on one location on each of the four slabs as per the ASTM
C1701 test method. For each test spot, 40 lb of water was poured in a 12-inch ring, and the
duration of the infiltration of water through the pavement was measured (Fig. 4a).
The results of the infiltration rate test for the four slabs are shown in Fig. 4b. A trend in the
infiltration rate results of the four slabs is not notable. More discussion on the results is provided
in the next sections.

(a)

Infiltration rate (in/hr)

3,000
2,500

2,621
2,241

2,196

2,342

2,000
1,500
1,000
500
0

1 pass - 4 inch 2 passes - 4 1 pass - 6 inch 2 passes - 6
inch
inch
Compaction Mthod

(b)

Fig. 4. (a) Infiltration test (ASTM C1701); (b) Infiltration of the four pervious concrete slabs with
different compaction methods
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3. Laboratory Testing of Field Cores
Three cores were extracted from each of the four slabs to evaluate the void content, infiltration
rate, and compressive strength of pervious concrete as a function of compaction methods. Each
core had a 4-inch diameter with varying depths based on the slab thickness at the specific
location where the core was extracted. A total of 12 cores were obtained from the field. After
the initial void content and infiltration rate testing, 1-inch from the top and bottom of each core
was saw-cut to ensure a level and smooth surface for the follow-on compression testing. Fig. 5
shows photos of the profiles of the cores pre- and post-cutting.
Full cores

After cut

Fig. 5. Field cores before and after cutting 1-inch from top and bottom sides
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3.1.1. Void Content Testing (ASTM C1754)
The void content was established according to the ASTM C1754 test method pre and post-cutting.
In this method, the dry mass (Md, in g) and the cylinder's dimensions (in cm) are taken. Then, the
submerged mass (Mw, in g) is measured. The void content is computed by Eq. 4,
Void content (%) = 100 × [1 −

(Md − Mw )
ρw 𝑉𝑉𝑠𝑠

]

Eq. 4

where Vs is the volume of the cylinder (in cm3) based on measured dimensions, and ρw is the
density of water = 1 g/cm3.
After void content testing of all the 12 cores (three from each of the four slabs), one core was
selected from each of the four slabs to further evaluate the distribution of void content with
depth. The select cores were cut one more time horizontally at half depth. The two halves were
tested for void content and infiltration.
3.1.2. Laboratory Infiltration Rate Testing (modified ASTM C1701)
A modified version of the ASTM C1701 was used to evaluate the infiltration rate of the cores in
the laboratory. In this method, the cores are wrapped with a shrink wrap to ensure a vertical flow
of water through the cores, as seen in Fig. 6. One liter of water was poured on the top surface of
the core while maintaining a water head of 15-mm.

Fig. 6. Infiltration rate testing in the laboratory
The time duration of the water flow through the top surface of the core was measured and used
to calculate the infiltration (I, in/hr) rate as follow:
4𝑉𝑉

Eq. 5

𝐼𝐼 = 𝐷𝐷2𝜋𝜋𝜋𝜋
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where V is the volume of the infiltrated water (in3), D is the diameter of the specimen (in), and t
is the time (in hours) required for the designated volume of water to infiltrate through the
pervious concrete. Because the cores had varied heights, the normalized infiltration rate was
obtained by dividing the infiltration rate (inch/hour) of each core by its height (inch).
3.1.3. Compressive Strength Testing
The compressive strength of the cores was tested based on ASTM C39 with a modified loading
rate of 15 psi/s to prevent premature failure of pervious concrete (Fig. 7a). Most of the cores
failed by shear with a diagonal fracture plane (Fig. 7b).

(a)

(b)

Fig. 7. (a) Compressive strength testing of the pervious concrete cores; (b) Failure mode
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3.1.4. Results and Discussions
The design void content, the measured void content (ASTM C1754), and the measured infiltration
rate (modified ASTM C1701) (infiltration rate normalized by cores’ depths) for the cores from the
four slabs are presented in Fig. 8, including the results before and after trimming 1-inch from top
and bottom.
The void content of the obtained cores with various compaction methods ranged from 29-33%,
which is higher than the mix design void content of 18%. The designed void content (18%) is
calculated assuming that the mixture ingredients (e.g., aggregates, cement, slag, etc.) will
completely fill the remaining 82% of the unit volume. However, often, the packing density in a
unit volume is less than 100% for the solid content, resulting in a higher air void content than the
mix design. To achieve a void content that is close to the design void content, maximum
compaction is required in the field to increases the packing density of the mixture materials.
In general, the heavier and larger-diameter roller screed resulted in reduced void content by only
1-2%. With the 4-inch roller, increasing the number of passes from one to two decreased the void
content of untrimmed cores from 33% to 32%. Two passes of the 6-inch roller decreased air void
from 31 to 29%, on average. These changes in void content are not significant.
Regarding infiltration rate, based on untrimmed cores, the larger roller screed resulted in lower
infiltration rates. The number of passes did not influence the infiltration rate results. The reduced
void content and infiltration caused by a large roller is more pronounced for the double-passed
slabs than single-passed slabs also due to the added fresh materials in front of the roller.
6-inch roller

4-inch roller

700

30%

600

25%

500

20%

400

15%

300

10%

200

5%

100

0%

1 pass - 4 inch

2 passes - 4 inch

Void content - before cut

1 pass - 6 inch

Void content - after cut

2 passes - 6 inch
Infiltration - before cut

Normalized infiltration rate
(inch/hour/core depth)

Void content

35%

0
Design void
content
Infiltration - after cut

Fig. 8. Void content and infiltration rate results of the tested cores made with different
compaction methods. The results are presented for cores before and after trimming 1-inch from
the top and bottom.
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Cutting the cores reduced the void content by 2% on average. One may have expected an
opposite trend from cutting the top 1-inch off, which is the densest portion of the slab. But since
the bottom 1-inch (the least dense section) was also cut simultaneously, a clear trend should not
be expected. The results show cutting 1-inch from the top and bottom simultaneously results in
a reduced void content (overall denser) slab. The reduction in void content resulted in a slight
decrease in the infiltration rate, except for the cores taken from the slab with a one pass-6-inch
compaction level.
Next, from each slab, one core was selected for further void content evaluation, mainly to see
the effect of finishing with the pan float. These select cores were cut again at half-depth, and the
top and bottom portions were tested to obtain the void content (Fig. 9). The void content results
of the top and bottom sections of these cores are shown in Fig. 10. The difference between the
void content of the top and the bottom portions is only 1% for three of the slabs, indicating a
uniform distribution of voids. For the slab rolled twice with the 6-inch roller, the bottom half had
more voids by 7%. However, more cores are required to confirm these observations. The two
passes of the 6-inch roller resulted in a denser top portion. These findings need to be verified in
another experiment without the addition of materials in front of the roller and without the use
of pan float.

Fig. 9. Select cores cut in half to study void content distribution across the depth of the installed
slab
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40%
top

35%

Void content

30%

0.30

bottom

0.35

0.31

0.31
0.27 0.28

0.30

0.28

25%
20%
15%
10%
5%
0%

1 pass - 4 inch

2 passes - 4 inch

1 pass - 6 inch

2 passes - 6 inch

Compaction level

Fig. 10. Comparing the void content of the top and bottom portions of the select cores from
each slab
The remaining two cores from each slab were tested for compressive strength on December 16,
2020, at a 104-day age. The mean value of the two results and their standard deviation is
reported in Fig. 11. It is observed that the effect of the number of passes with the 4-inch roller is
not significant on strength results. For the slabs compacted with a 4-inch roller, the 1-pass slabs
achieved slightly higher strength due to lower void content.
However, increasing the number of passes using the 6-inch roller increased the compressive
strength by 21%. The average void content was reduced from 29% to 28%.

1200

Strength
1,068

1000

Porosity

993

32%
1,125

927

31%
30%

800

29%

600

28%

400

27%

200

26%

0

1 pass - 4 inch

2 passes - 4 inch

1 pass - 6 inch

2 passes - 6 inch

Void content

Compressive strength (psi)

1400

25%

Compaction method

Fig. 11. Average compressive strength of slabs with different compaction levels
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4. Calibration of Compaction Model
The test results in this field study are used to validate the void content and compressive strength
models shown earlier in Eqs. 1 and 2. To solve Eqs. 1 and 2, Fc (the compaction force) needs to
be calculated using Eq. 3. The input parameters in Eq. 3 are the mass, radius, and angular velocity
of the rotary roller screed used in the field. Once the Fc is calculated, it can be used along with
the mixture design information (Table 1) in Eqs. 1 and 2 to obtain the predicted void content and
compressive strength.
However, the laboratory model did not correctly estimate the void content and strength of the
tested cores from the field and showed an average of 15% and more than 100% error for void
content and strength, respectively. The reason for this high error is that the variables of the
mixture design and compaction force used in the field are outside the range of inputs used to
develop the model. The low paste/aggregate ratio of the mixture used in the field (Table 1), which
is 0.197. The model was developed based on testing results of pervious concrete made with a
paste/aggregate ratio range of 0.23-0.31 and a 3/8-inch aggregate size. Also, the cumulative
impact Fc (applied by dropping 11-lb weight from 12-inch height) used in developing the model
was in the 843-21,441 lbf range, which is higher than the field compaction force applied using
the 4-inch and 6-inch rollers. This is because the compaction method in the laboratory by the
proctor hammer results in larger forces than the roller screed. Authors' testing of specimens cast
on-site relative to drilled cores showed large discrepancies between the targeted void content
and the actual void content of field installations.
Therefore, the calibration parameters of the laboratory model were recalibrated to obtain the
least error in void content and strength. A sensitivity analysis showed that a3 and a5 (multipliers
of the paste/aggregate ratio) are the most significant in the model. Thus, using the goal seek
analysis, these factors were calibrated such that the error in the estimated void content and
strength was minimized. The goal seek analysis was performed for each roller diameter and
number of passes. Next, the average values are suggested as the modified factor B in the model,
as shown below. The updated model is presented below,
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 0.441 − (3.75 ∗ 10−6 ∗ 𝐹𝐹𝐹𝐹) − �0.76477 ∗

𝑊𝑊 + 𝐶𝐶
�
𝐴𝐴

𝑊𝑊 + 𝐶𝐶
7 − 𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑐𝑐 = (0.0417 ∗ 𝐹𝐹𝐹𝐹) + �15618 ∗
� − 2071.887
𝐴𝐴
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(6)
(7)

Table 3. Void content and compressive strength predictions based on the calibrated field model

Compaction level

Compaction force, Fc Estimated Void
(lbf) (Eq. 3)
content (Eq. 6)

1 pass of 4-inch roller
2 passes of 4-inch roller
1 pass of 6-inch roller
2 passes of 6-inch roller

284
569
648
1,295

Estimated
Compressive
strength (psi) (Eq.
7)
1,010
1,026
1,022
1,053

29%
28.8%
28.8%
28.6%

The estimated void content and compressive strength values were compared with the core test
results, as shown in Fig. 12. The average error in the estimated void content is 0.1% for void
content and 0.5% for strength. Although the model estimates are accurate for this field site, more
data from the field are required to expand the application of the model to other mixtures and
compaction forces. It is recommended to include a wider range of paste/aggregate ratios and
aggregate sizes in the model calibration.
Model predicted strength (psi)

Model predicted air void

35%
33%
31%
29%
27%
25%

25%

27%

29%

31%

33%

35%

1200
1100
1000
900
800

800

900

1000

1100

1200

Measured compressive strength (psi)

Measured air void content

Fig. 12. Comparing model predictions for void content and compressive strength with test
results of field cores.
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5. Conclusions
Four pervious concrete slabs were installed with four compaction levels, and cores were
extracted to study the effect of compaction on void content, infiltration rate, and compressive
strength. Field testing results showed that compaction did not significantly affect the infiltration
rate (measured according to ASTM C1701) of pervious concrete. Note that one location per slab
was tested for infiltration. More test spots are recommended for a more thorough evaluation.
Using a larger-diameter roller screed with a heavier weight reduced the total void content of
pervious concrete by only 1-2%. Increasing the number of passes from one to two with 4- and 6inch rollers had an insignificant impact on the void content (changes of about 1% on average),
but two-pass compaction effectively consolidated the top portion (based on one tested core from
each roller). More cores are required to confirm the patterns observed from this experiment.
Double passes with the 6-inch roller reduced the infiltration rate but this reduction was not seen
with double passes of the 4-inch roller.
In general, the void content distribution across the depth of the slab was uniform; however,
applying two passes on fresh pervious concrete using the heavier 6-inch roller resulted in a
denser top portion of the slab than the bottom portion by 7%. More cores are needed to confirm
this result. The experiment also needs to be simplified by removing finishing with a pan float and
the addition of any new materials in front of the second pass of the roller and the use of a pan
float for finishing.
The field results were used to recalibrate the model developed previously based on laboratory
compaction data. The compaction forces generated in the lab by the proctor hammer in ASTM
C1688 method are significantly larger than compaction in the field and may overestimate the
strength properties of the mixture composition. It is recommended to expand the field testing of
pervious concrete to include more compaction levels and a wider range of aggregate sizes and
mixture design formulations to improve the model accuracy and increase its application.
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Appendix A
Table A1. Void content and infiltration results before and after cutting
(# of pass-thicknesscore #)

Core ID

Void content (%)
before cutting

Void content (%)
after cutting

1-4-1
1-4-2
1-4-3
2-4-1
2-4-2
2-4-3
1-6-1
1-6-2
1-6-3
2-6-1
2-6-2
2-6-3

33
32
33
32
30
33
31
29
34
31
29
27

29
29
28
31
27
31
31
27
30
30
27
26

Infiltration
before cutting
(in/hr)
1538
1670
1690
1897
1722
2127
2173
1385
908
1324
1402
1674

Infiltration
after cutting
(in/hr)
1360
1426
1737
1971
1417
1989
2517
1175
1742
1659
1544
907

Table A2. Compressive strength results of field cores
Core ID (# of roller passes-thickness-core #)

Load (lbf)

1-4-1
1-4-2
2-4-1
2-4-3
1-6-1
1-6-3
2-6-2
2-6-3

10,430
12,880
8,950
12,430
10,430
9,910
13,590
10,870

Strength (psi)
961
1,175
825
1,160
962
892
1,245
1,005

Table A3. Void content of the top and bottom portion of the cut cores
Core ID
1-4-3-top
1-4-3-bottom
2-4-2-top
2-4-2-bottom
1-6-2-top
1-6-2-bottom
2-6-1-top
2-6-1-bottom

Void content, %
30
31
27
28
31
30
28
35
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